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LASER PROPULSIOM:

RESEARCH STATUS AND NEERDS

Mitat A. Birkan
Air Porce Office of Scientific Research
Bolling Air Force Base

Washington, DC 29332-6448

ABSTRACT
Laser Propulsion consists of using energy from a remotely located
laser to heat a low molecular weight gas to extremely high
temperatures then expand the gas through a nozzle to provide
thrust. Because of the potential for significantly higher
specific impulsé¢ than chemical propulsion and adequate kthrust to
provide reasonable transit times, laser propulsion can be
considered for a wide range of mission applications. This article
is an overview of the status of Continuous Laser Propulsion and
is based on the AFOSR Laser Propulsion Workshop held at the
University of Illinois on 8-1¢ February 1988 and review of recent
literature. It describes some of the challenges and opportunities
for close collaboration among of fluid mechanics, optics and

plasma physics basic research areas.




1. INTRODUCTION

The ability to perform ambitious space operations is strongly
linked with heavier payloads requizing higher specific impulse
propulsion systems. Laser propulsion offers the potential for a 3
fold increase in specific impulse over chemical rockets with
adequate thrust to provide reasonable transit timesl. A major
advantage of laser propulsion is the combination of high thrust
and high specific impulse without the need for a heavy onboard
power source. In Figure 1, Laser propulsion is compared with
chemical and 1ion propulsion as well as potential advanced
concepts including solar, magnetoplasmadynamic (MPD), nuclear and
hybrid plume. Thrust density is defined as the force per unit
area of nozzle exit. This allows comparison of ceveral propulsion
systems with different nozzle sizes. Payload fraction can be

expressed asz,

Payload Mass (1)

Av
= exp( - -g—‘-;p-)

Total Initial Mass

where MAv is the velocity increment required for the specified
orbit transfer (6008 m/s for Low earth orbit to geosynchronous
Earth orbit). The parameter g is the gravitation constant (719

m/s) and the specific impulse, I;,, of a rocket type thruster is

defined as,
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[szu_g.‘.‘. (2)

Uax is the average velocity of the exhaust propellant. For each
system seen in Figure 1, the optimum specific impulse was used in
Equation 1 rather than the theoretical limit. The optimum
specific impulse for the laser propulsion system was chosen to be
200¢ s because frozen flow losses become significant above this
values. By contrast, the optimum specific impulse for an electric
propulsion system which must carry its own power (ion, MPD, and
hybrid plume) depends upon the relative masses of the propellant
and power supply as seen in Figure 2 2, The ratio of power source

mass to the initial mass can be written as

Power Source Mass _ B“Avgl,p/t (3)

Total Initial Mass

where t is the trip time which can be approximated as4,

Total Initial Mass x Av (4)
Thrust

m

Btsis the combined power matching and thruster efficiency. Hence
power source weight is linearly proportional to the specific
impulse. It should be noted that the propellant mass fraction
which is propellant mass fraction=l-payload fraction 1is also
shown on the same figure. The intersection of wo curves

determines the optimum specific impulse for a particular
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propulsion system.

Major components of a typical continuous laser propulsion system
are seen in Figure 3 5. The laser source can be either on the
earth or in space. i terrestrial laser source has easier access
to electrical power and the weight of the system is less
important. However, an earth based laser beam must be transmitted
through the atmosphere which could obscure the beam. Although it
eliminates the problem of atmospheric transmission, a space-based
laser requires a massive ©power source in orbit., Future
space-borne laserzs are assumed to be solar or nuclear powered6'7;
however, the major cost of these systems is the earth-to-orbit
launch costs. The laser beam is collected and concentrated by a
system of mirrors, then enters the absorption chamber through a
window, and is absorbed by the propellant. After h=aating, the

propellant exits via a nozzle, producing thrust8.

Continous laser propulsion uses a steady state (cr quasi-steady)
plasma to absorb the energy of a laser beam through inverse
bremsstrahlung to heat a propellant gas to exteremely high
temperatures (15808 to 20606 K)°. If the working gas is hydrogen,
a specific impulse of 10086 to 20088 seconds can easily be
obtainedSs19, Temperatures in the center of the hydrogen plasma
can exceed 150688 K, and if the plasma were allowed to fill the

entire absoiption chamber, heat losses through the chamber walls




High - Power
Laser

Collecting and

Payload to GEOQ

FIGURE 3




would be enormous and damage likely. The preferred approach is to
use a dual-flow arrangementallg, as shown in Figure 4 11 1n this
concept a plasma is maintained in the central core of the chamber
and an annulus of cold hydrogen flows around the plasma,
isolating it from the walls. Downstream from the plasma is the
mixing region where the hot and cold flows combine to give a
uniform temperature at the entrance to the throat. The main
reason for the two flows 1is to minimize heat losses to the
chamber walls. The cold flow is designed both to prevent the
plasma from contacting the walls and to absorb some of the
radiation given off by the plasma. Heat loss is considered to be
a major problem, and large devices could lose nearly half of the

incident laser energy to the walls,

In addition to continuous laser propulsion there exists two
related propulsion schemes which will not be covered in detail in
this paper. They are double-pulse laser propulsion and microwave
propulsion. Double-pulse laser propulsionlz, uses a transient
detonation wave to provide thrust. A surface layer of solid
propellant is vaporized by a low-power pulse which is followed by
a larger main pulse that heats the vaporized fuel by inverse
bremsstrahlung absorption. Thrust 1is generated |using the
expansion of the exhaust against the flat base of the launch
vehicle as shown in Figure 5 13 pulsed detonation wave

propulsion has been considered for earth-to-orbit launch systems
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and a specific impulse of 808 s and 40% energy efficiency are
anticipated!d, rThe characteristic laser power required is 1 GW or
larger to launch useful payloads from Earth and the flux required
to efficiently start a laser supported detonation wave is
approximately 2x1@7 W/cm? at 16 micron and increases roughly

linear with laser Erequency14.

Microwave propulsion is an alternative continuous beam propulsion
system. The microwave energy is absorbed by a gas in a microwave
guide, a resonant cavityls'ls‘zg, a coaxial microwave
plasmatronzl, or a plasma "flame front" region similar to a
combustion wave22-24, Although one can generate microwaves with
high efficiency (up to 85% 25) and high absorptivity (up to 99.5%
ls), beamed microwave energy is limited to short generator to

thruster distances because the longer wavelength beam spreading

is orders of magnitude more than for laser wavelengths.

2. CURRENT STATUS OF LASER SYSTEM TECHNOLOGY

The missions that can be performed by laser propulsion depend a
great deal on the laser power available and beam transmission
quality. The current status of these issues are reviewed in this

section.




2.1. AVAILABLE LASERS

For useful payloads, the required laser power 1is 180 MW for
orbit-to-orbit maneuvering and 1 GW for earth-to-orbit
launchingl4. Current lasers can deliver power levels of less than
a megawatt which is orders of magnitude below the requirement.
Scaling to the higher powers required; however, seems to have no
fundamental limitations. Lasers capable of producing these higher
power levels have been under development for weapons applicatians
for a number of years, and several different laser technologies

have been preposad.

The earliest development efforts were directed toward continuous
electric discharge and gasdynamic carbon dioxide lasers operating
at a wavelength of 16.6 microns2®, Electric discharge lasers
evolved to electron beam pumped transverse flow systems that are
currently used for industrial processes. Chemical 1lasers
operating at wavelengths from 2.5 to 4 microns using hydrogen and
deuterium fluoride have been reported to operate at powers in
excess of 2 MW28. Ssome large high average power carbon dioxide
pulsed laser systems have been developed with microsecond pulse
duration and repetition rates of tens of Hertz to kilohertz.

Recently, there have been some efforts to develop short

wavelength (ultraviolet) excimer lasers into high average power

16




pulsed systemszs.

The advent of the Strategic Defense Initiative (SDI) has
accelerated the development of high average power free electron
lasers (FEL) and the concept of large phase-iocked diode
arraysl3. In principal, the FEL (Figure 6 27) can operate over a
wide range of wavelengths from tenths of a micron to more than
ten microns and at efficiencies greater than 68% |using
electrostatic accelerators?®. fThis is greater than the 20% and
1% efficiencies c¢f <carbon dioxide and chemical lasers

respective1y29

. There are two basic types of FEL currently under
development for high power applications: the induction linear
accelerator (linac) and RF linac. The induction linac amplified
laser pulse has a duration of tens of nanoseconds and have a
repetition rate of a few kilohertz. The RF linac FEL has a pulse
format consisting of a train of pulses of tens of picoseconds
duration, and a repetition rate of tens to hundreds uf megahertz.
The short interpulse time of the RF Linac free electron laser
gives a quasi-steady output that may be suitable for propulsion

systems utilizing continuous laser sustained plasmaszs'zs.

6

Lee® discusses the details of a solar-pumped laser (Figure 7). He

concludes, based on the De Young's laser system study7, that it
is feasible to operate a solar-pumped 1 MW iodine laser system

with a mass of 92,6060 kg in a high (6378 km) orbit. The mass of

17
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the system conrresponds to the payload capacity of four space
shuttle flights. Since there scems to be no fundamental limit for
scaling this system, the requirements of laser propulsion could

be met by future development of solar-pumped iodine lasers.

Future developments in diode array lasers may provide the
required power at wavelengths near 1 microns2®. It is too early
to determine what laser wavelength and pulse format is most
likely to become available for laser propulsion, and the ultimate
choice is likely to be determined by laser developments for other

applications requiring high average power.

2.2. BEAM TRANSMISSION

The most troublesome aspect of the Ground Based Laser/Space Based
Relay system for propulsion is atmospheric t:anSmission26'3°'3l.
The major concerns for atmospheric propagation are :

a) Raman Scattering where non-linear problems arise below 3
microns.

b) Atmospheric absorption and scattering by particulates.
However, if the laser wavelength is 2.2 micron, the atmosphere is
transparent and there is no absorption.

c) Thermal blooming which is refraction caused by the heating

of the air in the beam's path (nonlinear scattering).




d) Distortion and scattering of the beam by atmospheric
turbulence (large or fine scale turbulence).

e) Optical losses such as mirror absorption,scattering etc.
Atmospheric scattering can be counteracted by the use of adaptive
optic techniques that dynamically sample the reflected beaw and
alter the figure of the mirror. Several approaches include
piezo-electrically driven mirrors of both segmented and
deformable membrane, and electro-optical devices (particularly
non-linear phase conjugators). Requirements for vigorous
turbulence correction will require a frequency response of 3
kilohertz39., In the near term, this requirement will probably
dictate a segmented approach to construction of the phase

adaptive mirror, rather than the deformable membrane app:oach3“.

Nonlinear scattering (Raman, thermal blooming etc) of the beam
depends both on the wavelength and the peak intensity of the
beam, and these factors become an issue in the delivery of a high
average power beam through the earth's atmosphere. In general,
the longer the wavelength of the laser, the larger the size of
the mirror that 1is required to propagate the beam a given
distance, and the larger the size of the mirror that is required
to intercept the beam. Since large mirrors are heavy and
difficult to fabricate, there 1is incentive to use shorter
wavelengths. On the other hand, shorter wavelengths increase the

beam intensity along the propagation path and increase the

21




problems with nonlinear scattering in the atmosphere. It has been
suggested that a compromise that may be nearly optimum would use

an infrared wavelength near 2.2 micronslt,

Mircors required for a space based laser could be smaller and
lighter than for an earth-based laser. This is because
space-based lasers have a much larger field of view, remain
within range of the target a longer time, and are less affected
by the Earth's atmosphere. As a result, beam spreading could be
reduced close to the theoretical limit, resulting in lighter,

smaller mirrors.

The collecting mirror refocuses the beam into the thruster
through a small window. The laser beam must be introduced at the
upstream of the flow in order to ensure stable heating of the
working fluid. The reason is that most gases tend to become
opaque to laser radiation at higher temperatures, so if the laser
were introduced through the nozzle, the gases in the nozzle would
tend to be heated and become opaque. This would block the heating
in the absorption chamber and cause instability in the flow.
Therefore the laser must pass through some type of window in
order to enter the sealed absorption chamber. The main problem
with windows is that they must be able to transmit the enormous
energy fluxes without absorbing a significant fraction. Due to

the high laser flux levels ( for example, 3.2x16° W/cm2 for a 20




cn window in a typical 100 MW laser systemS ), the window will be
subject to very high heat loads. The preferred approach is to use
high-transmittance crystalline materials such as SrF2, 2ZnSe, or
ke l6, Cepending on the laser's wavelength and the window
material selected, transmittance through the window can be as
high as 99.98325, This value will result in 20000 W to be
absorbed by the window. The window can hold up only for a few
seconds at these high power levels. Concepts for overcoming
limitations include cryogenmic fluid cooling, mechanical rotation,

or aerodynamic windows 32,

Problems with the concentrator mirror are not as critical. This
is because the beam is much more diffuse and intensities are much
lower than for windows. Also, coatings now exist for the infrared
wavelengths with reflectivities of 99.9% which means that the
intensity of radiation absorbed by the mirror shounld be less than

the intensity of light incident on a surface in normal sunlightS.

3. CONTINUOUS LASER PROPULSION:

RESEARCH STATUS AND NEEDS

In 1983 AFOSR began a new initiative in continuous beam energy

propulsion systems and supported basic research at The University

1 rhe University of Illinoisll, and

3

of Tennessee Space Institute

The Pennsylvania State University~”. Major questions which existed




at that time included whether or not laser energy could be
absorbed directly by hydrogen, concern about the stability of the
plasma, and the degree of control which could be exercised over
the plasma location. As a result of these studies, it was shown
that laser energy can be absorbed directly in flowing gases
including hydrogen and it was concluded that both the size and
location of the laser sustained plasmas can be controlled:3r33,
Detailed experimental investigations34‘39, have established that
a continuous plasma could be operated stably in a convective flow
with efficient absorption of the laser energy. The studies also
revealed the complex interactions of the plasma with pressure,
flow and the optical configuration of the focused laser beam.
Recently, multiple plasmas have been sustained within a single
chamber49, Experimentsl3 have investigated plasmas sustained with
a Gaussian beam and the decay characteristics of pulsed plasmas.
Theoretical models for the interaction of the laser beam and the
flowing plasma have been developed using an approximate model4l,
a full Navier-Stokes formulation42, and detailed calculations of

the optical fields within a Navier-Stokes formulation?3.

The following sections are aimed at identifying the major
research issues, both theoretical and experimental, which can
provide sufficient background for the planned system studies and

development programs.




3.1 THEORETICAL MODELS

The phenomena involved in laser supported plasma thrusters for
space involve strong interactions among an intense coptical
field, a plasma, and a flow field. The determination of both the
radiation field and the working fluid flow requires a coupled
solution process. Two different parallel approaches have been
pursued based on different laser interaction models. In the first
approach, highly developed aeredynamic algorithms have been
adapted to calculate low speed flows with strong heat additiondd.
This approach is attractive because it applies to either viscous
or inviscid flows and provides high accuracy and efficiency. In
addition, time dependent procedures are applicable to either
steady or unsteady flows, making this a proach a candidate for
studying both the steady flow characteristics of propulsion
environments as well as the linear and nonlinear stability
characteristics. Laser absorption phenomena is a low Mach Number
and low Reynolds number process, and time-dependent models become
extremely inefficient because the eigenvalues of the system
become increasingly stiff as Mach number is reduced. There are
artificial techniques to overcome this difficulty such as
multiplying time derivatives with a matrix such that eigenvalues
remain well conditioned at Low Mach numbers43. The most vigorous

way is to use perturbation expansions of the equations of motion

25




at low Mach number limit to obtain a low Mach number system44'46,
To ensure c¢onvargence of a numerical solution, aa jterative
technique can be modified to give a convergent solution to the
desired flowfield, starting with the inviscid and then proceeding
to the viscous problem47. This can also be achieved using upwind
differencing which can be implemented as an optionally high-order
differencing of pressure and convective terms in the equation
system‘a. This method allows monotonic capturing of a shock wave,
if it occurs, true physical zonal dependence, and removes the
call Reynolds number restriction. Another convergence technique
consists of <changing the flowfield (by adding numerical
viscosity) until convergence can be attained. The coupling
betwean flow field and laser energy 1is modelled as either
discretizing the incident radiation field into rays and using
Beer law for each ray47 or using differential form of the
incident radiation equation which allows a coupled solution of
the incident radiation and gas dynamic equations on the same
grid48.

The second laser interaction model consists of steady-state,
axisymmetric, laminar flow Navier-Stokes equations for
compressible, variable property flow to simulate laser-sustained
plasmas??. The thermophysical and optical properties incorporated
in the calculations were full temperature and pressure dependent

based on the local thermodynamic equilibrium. Geometric optics




were used to describe the laser beam which was assumed to consist
of a finite number of individuval rays and Beer's law was used to
calculate the local intensity for each individual ray. The
developed code has the capability to calculate complicated flow
regions such as recirculating, subsonic, and supersonic flows,

within a realistic rocket geometrysg.

As a summary, state-of-the-art models are capable of solving
two-dimensional, axisymmetric, unsteady, full compressible
Navier-Stokes equations coupled with laser radiation under
certain conditions. But, due to the assumptions and the neglected
issues which may be important for high power systems,
state-of-the art models cannot accurately simulate the systems
operating at high laser power levels. Those issues can be

summarized as :

- Diffraction of the laser beam due to the finite aperture of the
lens and refraction due to the inhomogeneous refractive index
within the plasma should be incorporated into the models.

- Volumetric, six-dimensional wide-band plasma re-radiation model
should be used in the models rather than optically thick or
optically thin extreme cases which are currently used.

- Plasma chemistry should be included in order to predict frozen
flow losses as well as contamination and plume radiation from the

exhaust gases.
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- Models should be extanded to be transient, and
three-dimensional in order accurately predict repetitive-pulse
energy coupling to the plasma and multiple plasmas respectively,
as well as the dynamic stability.

- Turbulence should be considered in order accurately predict
coupling between the plasma and the surrounding cold flow and the
effects on the mixing and absorption process due to the density

variations.

The intensity distribution in the focal region resulting from the
focusing of a coherent monochromatic laser beam must be predicted
accurately in order to calculate coupling between the laser beam
and the plasma. State-of-the-art models use two different
approaches: Fourier optical analysis“'s2 and Ray tracing
technique553. The former treats the laser beam as an
electromagnetic wave, while the latter assumes the beam to be
particle-like. Fourier analysis can incorporate spherical
aberration if second-order terms in the series expansion for the
lens thickness is included®?. The integral relationship
describing the output field resulting from the propagation of the
transmitted field over a distance can be calculated in terms of
the Helmholtz wave equation using Green's theorem and the theory
of Green's functions. The Ray tracing technique calculates the
local laser intensity distribution through Beer's law. The major

deficiency in the both models is the refraction of the laser




beam, due to the inhomogeneous refractive index within the
plasma?6. rTemperature gradients affect the refractive index,
hence, beam reflection varies considerably from point to point.
Since refraction phenomenon is coupled to the gas dynamics of the
system, optical analysis and gas dynamics equations should be
solved simultaneously using a variable index of refraction as a
function of appropriate gas dynamic variables. Since refraction
is also an important phenomena in atmospheric transmission
(thermal blooming)12 and laser weapon studies, a strong
interaction among various research activities should be

encouraged.

The major difficulty in the re-radiation problem is that it does
not allow simple scaling parameters such as Reynolds numbers or
Nusselt numbers to be used. The reason for this 1is that except
for certain limiting conditions, radiation is a volumetric, as
opposed to a point, phenomenon. The radiative flux at a point
depends upon the emission from all other points inside the flow
whereas, for example, the momentum flux is related only to the
momentum fluxes in the immediate neighborhood of the point. The
integro-differential nature of the radiation problem is a
six-dimensional problem rather than a three-dimensional one.
Besides this, the wavelength dependence represents an additional
dimension. An exception to this is the optically thick limit

where all photons at a point are created within a small




neighborhood of the point. Hence, the radiative problem becomes
a local phenomenon in this limit and can be treated by the
diffusion approximation. The optically thin limit can likewise be
simplified because radiation is only emitted and not absorbed.
Although the lcser propulsion problem contains some wavelengths
for which the plasma is optically thick and some for which it is
optically thin, most wavelengths lie in the intermediate range
between these two limits. Perhaps more importantly, the major
effect of laser power scale-up on radiative losses is that fewer
and fewer wavenumbers can be treated as "thin" and the transition
from thin to thick (or intermediate) must be accurately modeled

if scale-up predictions are to be realistic33.

In addition to an accurate plasma re-radiation model, plasma
chemistry should be incorporated into the analyses in order to
predict frozen flow losses. Freezing has been assumed to occur at
one of two locations in the nozzle: the throat where the Mach
number is unity, or inside the supersonic portion of the nozzle
where the flow velocity is Mach 2. The actual freezing location
will depend on a diverse number of variables, primary among them
being the 1length of the nozzle and the pressure level which
directly affect the recombination rate. Longer nozzles provide
more time for recombination while higher pressures increase the
collision frequency. Frozen flow losses are considered to be

small until somewhere above 1568 s specific impulse, at which




point rapidly increasing fractions of dissociated molecules leaus:
the nozzle exit without recombination3. The second dramatia
upsur3je i frozen flow losses which take place above 2000 5
specific lmpulse corresponds to freezing of the electrou
recominition gracesses3. In an actual case, the final
concentrationy of the sp - cies, such as ions, electrons, neutrals,
atoms ond molecules should be obtained from a complete system of
equations iansluding Arrhenius rate equations. If the restrictions
stated «bove are true, drematlc increases in heat addition per
unit mags could be made without observing any improvement in

performance.

Although initial ovperiments reveal that a quasi-steady plasma
can be maintained using repetitive pulse lasers, several research
issues remain to be investigated both analytically and
experimentally in order to predict the coupling dynamics between
the laser beam and the plasma. This requires a full transient
numerical model rather than models as used in the past. A typical
RF Linac FEL peak power during 10-20 ps micropulses will be 2 to
3 times greater than the average power. Under these conditions it
is likely that the plasma will not be in equilibrium during the
absorption of the pulse, and could affect the fractional
absorption of the laser beam or the radiation losses from the

18

plasma®®. This phenomenon precludes the use of the local thermal

equilibrium assumption used in continuous wave laser propulsion
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simulations, and the problem becomes computationally far more
complex. The second issue is whether it is possible to initiate
an undesired detonation wave rather than a deflagration wave, as
a result of the enormous energy of the laser powex peak. Previous
detonation initiation studies?® can be used for modeling the
behavior of pulsed lasar driven continuous laser propulsion

systems.

One important concept for improving system efficiency is the use
of enhanced thermal mixing between the hot plasma flow and the
cooler surrounding flow. The goal of such mixing is to reduce
temperatures as rapidly as possible downstream of the plasma
where laser energy absorption is minimal but radiation losses are
high. One approach to induce greater mixing is to increase
turbulence in the downstream flowfield3%. another approach is the
fragmentation of the incoming beam power and the creation of
multiple plasmasll'4g. In a realistic high power propulsion
system, it may be necessary to operate with more than one plasma
so that high specific impulses may be achieved while operating at
high thermal efficiency with reduced residual thermal load on the
lenses. In order to achieve an accurate simulation of the
multiple plasma model, its three-dimensional nature and

geometrical variations should be considered?9.

It has been both analytically and experimentally demonstrated




that plasmas are statically stable33, That is to say, if they are
perturbed from their equilibrium location, they do not continue
to drift further away, but instead return back to their original
location. Dynamic stability of laser sustained plasmas has not
been investigated in detail33. fThe issue here is that as a
compression wave passes through an absorbing volume, it raises
the density and temperature and, hence, the absorptivity as it
passes. This increased absorptivity gives rise to an increase in
the energy absorbed so the temperature is raised, thus
reinforcing the pressure wave and leading to a possible
disturbance growth. In an open environment or a large volume,
such pressure perturbations die out and remain undetected but in
a closed volume, such as the absorber of a laser rocket engine,
they can amplify and lead to high pressure oscillations. One
advantage here, as compared to the combustion instability problem
is that the coupling is less complex33. The energy addition can
probably be treated in quasi-steady fashion without a time lag,
whereas in combustion problems it is the time lag which depends
on the kinetics as well as droplet evaporation times, controls

the instability.

3.2 EXPERIMENTAL MODELS

Experimental studies have shown that the plasmas are stable in a




convective flow, absorb a substantial fraction of the laser beam
power up to 901, and that a substantial portion of the absorbed
power is converted directly to propellant anthalpy up to
38313/40 geficient ways were needed to couple laser energy iato
a working fluid without generating hardware-damaging plasmas or
coupling instabilities. Several important new research tools were
developed to permit the acquisition, reduction and analysis of
the high resolution data obtained from these experiments. A new
and improved method was developed, based on transform techniques,
to perform a large number of Abel inversions required to reduce
the experimental datal3, the laboratory scale experiments
revealed that a high efficiency , high specific impulse hydrogen

thruster powered by beamed laser energy is feasible3>,

Ignition phenomena is also an important issue for an operational
laser propulsion system. Currently, plasmas are ignited by
focusing the laser beam onto metallic targets placed at the laser
focus38, Three types of targets have successfully been used: zinc
foils, tungsten rods, and injected aerosols such as water or
deuterium. The last technique has proven to be unreliable, since
the particles in the aerosol must be injected precisely at the
laser focus point in order to produce ignitionzg. An alternative
method of efficient ignition of plasmas by resonant UV laser

multiphoton excitation has also been proposedss.




Increasing the gas pressure causes a noticable rise in absorption
at low laser powers, but this effect largely disappears at the
higher power levels. Increasing the flow rate appears to produce
a slight decrease in global absorption. The measured minimum
maintenance power increases with focus spot size and flow rate,
and decreases with gas pressurei9. the percentage of the incident
laser power which has been absorbed by the plasma, was measured
by Krierd2 using the copper-cone calorimeter mounted at the top
of the absorption chamber. The accuracy of the temperature,
velocity, and concentration measurements can be improved relative
to thke current techniques through the use of laser-induced
fluorescence techniques. Basically stated, Laser-jinduced
fluorescence is a diagnostic technique in which a low power laser
is tuned to excite &z ZieJtronic transition within an atom. When
this excited state decays to ground, the emitted fluorescence can
be used to determine several properties. The advantage to this
approach is that measurements are instantaneous, and are
unaffected by transmitted laser energy and plasma

:e-radiation13'4°.

Thus far, issues concerned with high power laser development, and
pointing and tracking have not been discussed. Once the
feasibility of continuous laser propulsion has been proven and
high power laser development has been accelerated, several new

technical challenges are envisioned. Two major issues which




should be investigated experimentally as well as theoretically,

ar2 scaling and the use of repetitive-pulsed lasers.

A major questions concerns scaling. The physics of high power
continuous laser supported plasmas may be quite different from
what we obtain from laboratory scale experiments. Even though
laboratory experimental results can be predicted by the existing
theoretical models, issues that are insignificant at low power
may play a dominant role when the power 1is scaled-up. It is
important to perform experiments with laboratory-scale lasers to
quantify the effects of refraction, wide-band radiation, plasma
chemistry, turbulence and mixing processes. We must also perform
scaling experiments to identify unknown mechanisms which might

become significant when the laser power is scaled up.

A second area that requires additional research is an assessment
of the feasibility of using highly repetitive laser pulses in a
quasi-continous wave fashion. Since practical laser propulsion
systems require laser powers of 1 MW or greater, current
technology suggests that a most likely candidates 1is the free
electron laser. Such lasers do not operate in a continous mode
but with a variety of pulse formats. The initial experiments
conducted at the University of Tennessee Space institutel3 have
revealed that the recombination time of the plasma was of the

order of one microsecond; much longer than the interpulse time of




46 nanoseconds characteristic of the RF Linac free electron
laser. This result strongly suggests that a quasi-steady plasma
can be sustained using a pulsed laser. The equilibrium of such
plasmas and their absorption and re-radiation characteristics

will be studied in a series of experiments planned at Lancl3,

4. CONCLUDING REMARKS

One of the objectives of this article has been to identify basic
research issues for continuous laser propulsion systems and
discuss possible strategies. It is clear that the continued
development of laser propulsion requires a better understanding
of losses including convective, radiative, frozen flow and mixing
losses, in order to improve efficiency and consequently the
feasibility of the laser propulsion systems. The task will
require improved mathematical models to describe the physical
phenomena occuring in laser propulsion systems in order to

predict the scaling behavior.
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LASER PROPULSION
Lt Col Homer Pressley
Dr Franklin Mead

Air Force Astronautics Laboratory

Laser propulsion for missions in space is an advanced
concept that promises specific impulse values two to four times
higher than chemical rockets at thrust levels orders of maq&ituda
higher than can be obtained with electric rockets. This promise
of high thrust combined with high Isp is shared with nuclear
rockets which have radioactivity and a large mass fraction due to
reactor weight and shielding. Furthermore the technical problems
known to exist with laser propulsion do not appear fundamental;
and an economic justification for the concept has been concluded
in separate studies by the AFAL, NASA, and DARPA. Despite these
favorable indicators, laser propulsion lacks a complete
demonstration nineteen years after its coaception, its funding
has failen drastically over the past seven years, and the status

of continuing effort has retreated from demonstration to research

topic. The major current effort is being funded by the AFOSR.

In resolving the apparent contradiction between high

promise and low 1nterest, it is appropriate to note that




priorities for funding must take into account short term needs

and difficulties as well as long range promise. At the AFAL

significant funding ended in 1980 under a constrained budget, but
with the tactic understanding that it would be reconsidered each
year as the budget and technical conditions changed. The
technical condition of most importance was the availability
somewhere in the US of a large laser facility with which to do a
meaningful thruster demonstration. The AFAL could not undertake
such a facility. Coincident with that decision was a
prioritization among several advanced concepts in which laser
rockets were subordinated to solar rockets, There are some
technical resemblances between a laser rocket and a solar rocket,
but a salient difference also: sunlight is free, and lasers are
costly. This observation has impact in immediate facilitization

and also in the complexity of eventual operational systems.

The decision to emphasize solar over laser propulsion did
not intent to overstate the similarities between the two
concepts, although orbit raising, the niche most favored at AFAL
for laser rockets, could be filled almost as well by a nearter
term solar rocket. Orbit raising is also of obvious interest to
SDI activities. Other SDI propulsion needs exist which would
more clearly distinguish the differences between the concepts.
These include boosters for low cost access to space and boosters
for kinetic kill vehicles. Both applications require thrust

levels that far exceed any believable solar rocket design, yet

they might be accomplished with laser rockets, given a laser of
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sufficient power. SDIO is ~currently conducting a laser
propulsion program at Lawrence Livermore National Laboratory to
meet their needs. Since powerful lasers are also being developed
for weapons application, it may be that the missing link in the

laser rocket chain is alreadly being forged.

Laser rockets are a guneralization of beamed energy
rockets which can include microwave powered rockets, and even
particle beam rockets., Willinski of Hughes Aircraft conceived of
ground based transmitters that projected microwave energy to
power orbiting and even interplanetary propulsion systems before
tne operation of the first laser. He proposed a mode in which
propellant would be heated directly for expansion through a
nozzle, and a mode in which microwaves would be converted to
electricity for operation of a plasma or ion engine, thus
anticipating paths that laser prcpulsion advocates would follow
later. He was aware of the large transmitting and receiving
antennas required by the long wavelengths of microwaves. His

ideas were later reproposed and elaborated upon by Schad and

Moriarty of Raytheon.

A similar period of propulsion invention and reinvention
followed the introduction of the laser, although a decade would
pass before laser propulsion was cast into the high thrust modes
described by Willinski for microwaves. Initially laser
propulsion took the form of light sails in which laser photons

were reflected off large diameter, low density structures




producing thrust by momentum exchange. The application in each

publication was interstellar travel, a vast undertaking in which
it was very easy to appreciate the virtues of an infinite Isp,
eaven if thrust and propulsive efficiency were almost vanishingly

small.

More earthly interest in laser propulsion awaited the
high thrust mating of lasers to rocket working fluids. This idea
apparently occurred first to R. L. Geisler at the AFAL although
initial publication came some years later from several sources,

apparently working indipendently. A 0. S. patent was granted in

1974 to Minovitch.

AFAL experimental objectives were modest in terms of Isp
sought, Limiting temperatures to 4000-45¢3 K would lower
specific impulse by 200-3dd sec, but make thermal control much
easier, It would, however, necessitate a change in coupling
mechanism. Initial AFRPL funding went to TRW to study the value
o' laser propulsion to the AF mission, compare it with other
beamed energy concepts such as microwaves, compare it with other
beamed energy concepts such as microwaves, and recommend critical
technologies that would need to be developed, including
identification of appropriate coupling techniques. Reconmended
coupling mechanisms included alkali metals to lower the
ionization temperature, incorporation of particulate seedants,
and incorporation of molecular seedants. A parallel in-house

effort concluded that the molecular absorption technique was most

- e —emr



useful, and noted that water vapor was the most attractiv

seedant when considered in light of probable absorptio

coefficient and high temperature stability. Experimental work
was contracted to United Technologies Research Center (UTRC) to
determine the coupling efficience of C02 laser radiation into H2
flows containing, H2@ and D20. Laser supported combustion waves
using this non-plasma method were demonstrated for the first time
at temperatures covering the range 2009-4999 K. Since the
measured absorption coefficient was about ten-fold higher than
band model calculations had indicated, a verification effort was
funded. In a subsequent shock tube study at PSI it was
determined that the absorption coefficient was more ncariy in
accord with band theory, and in fact low enough to reduce
absorption efficiency unless the optical path were lengthened.
It was proposed that thrusters could be kept within tolerable
lengths by :eflecting the beam across the chamber several times,
but this suggestion was not tested before the AFAL laser

propulsion effort was terminated.
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PART!
Laser Propuision: A Historical Perspective

The Zirxst laser was Zemonstrated bv Maiman at Hughes laboratories in
=260, ind wnen the zusy Laser waz l-3awitsned in 1361 laser Sutput powar Jas
suffZicient to cause a plasma bdreakdown in the Zfscused bSeam. OCbservations of
breakdown lad zo the Zizsc analveical scudies of zhe phenomena by Zel’dovich
and Raiser and lazar by Raiser wno developed zheoretical models Ior laser
detonation waves and subsonic laser supported plasmas.

Fowerful conzinuous zazbon dioxicde lasexs were developed in 1964, and
Jenezalov at il Zemonstzavea :the Zizst continuous laser sustained plasmas i
1972. “These developments crened the possibility Zor cthe use of Leamed sove
Zor space pzopulsion, and Xantzowit:z and Minovizch proposed the use oZ lasecs
<0 Sowar Iocket3 i3incg Father culsed JT TONTLNUCUS La3eIS IO TENETARR SiGR

lemserature $LANmAs 32 .ayer UDPOITEA CeCCNAtidn vaves 12 Jenesite TAIuss.
HWASA lawis Laocozatosies Jegan 3 pIojact abour L¥7l to Zevelop 2 lasez Doveren
socken using a can'-nuous laser sustaaned plasma within a chamber to heat 2

-
.

.
-
-

hvarsoen sropelilant <nat was then axganced thzough ) nozzla wo frscuce snzust.
JARPA 2ponsored a1 3tucy ccncucted by AVCO Iverest Labozatozias wnaich
iavescigaced 1 number 5 goss:ble zonfiguracions including zhe zsatinuous
laser sustained plasma, sulsed detonation waves Generated on an axternal
surface and pulsed plasmas created within a nozzle structure. A 3ifferent
concept using cesonant molecular absorption of teamed laser 2nexgy to heat 2
mixture of hydrogen and the absorfer was investigated by zhe Air Force Rocket
?ropulsion Laboratory.

In 1978 the NASA project was moved o MASA Marshall Spaceflight Center
Zor Iurther Zevelopment and Zemonst=acion., Some preliminary axperiments wWerze
seriormed i1n hydrogen using zthe Army’s 30 «W MTU Laser. Subsequently, zhe
laser was moved to a test area at Marshall and a zest Zfacilicy was
constructed. To data, zhe laser has not operated successfully for more than a
few preliminary axperiments. In 1983 AFOSR tegan a new initiative on beamed
energy propulsion systems and supported basic research at The University of
Tennessee Space Institute (UTSI), The University of Illinois (UI), The
Pennsylvania State University (PSU) and PSI, Inc.. These studies were
directed at both continuous laser thermal propulsion and pulsed plasma
breakdown within a nozzle structure. Detailed experimental invesctigations ac
UTSI and UI established that the continuous plasma could be operated




successfully in a convective flow with efficient absorption of the laser
energy, and revealed the complex interactions of the plasma with pressure,
flow and the optical configuration of the focused laser beam. Recent
experiments at UI have sustained multiple plasmas within a single chamber, and
recent cxpc:iaon:s at UTSI have investigated plasmas sustained with a Gaussian
beam and the decay charactaristics of pulsed plasmas.

“heoretical models Zor tihe inzeraczion of the laser heam and the Ilxwing
plasma were cdeveloped at UI using an approximate model and at ?SU using :the
fu1! Navier-Stokes formulation. Llatez, A comprehensive theoretical :cdcl “as

developadl at UTSI that included detailed calculaticns of the optical Zlalds
wizhin a Navier-3tokes Zormulation. 2redictions fzom this mcdel compazed wal.
wizh cdetailed measuremenzs of axperimental plasmas over a wicde zange of
condizions, and the calculations were axtended to predict the properties 2
lasar sustained hydrogen plasmas and o design a 30 «W laser powered hydrocgen
thruster.

n :585 taWzenca Livarmora Naticnal lLatoragozy (LLNL) zegan an
investigation incto the uae 22 a double pulse laser Zetonaticn n the suxiice
of an exzernal solid fuel to provide an sarth-to-orbit launch capabilizy for
moderate sizod cavicads. Several contzaczors are cuzrently supporting thi

-t wes e

investigation with both theoretical and experimenzal studies, sutz zhese

studies are in their infancy and zesults can be expected within the next vear.

Most of the AFOSR supporzed #ffor: has been expencded con :zhe csntinuous
Laser sustained plasma ccncept, and the studies have shown yun: che plasmas
are stable in a convective flow, absord a substantial fraczion of the laser
team power, and that 3 substancial portion 5f the absorbed gower i3 zonveszad
directly o propcllan: anchalpy. Detailed design calculations using the JTS.
code indicate zhat wal hcac tzansfer requizements arze within scate-of-the
and zhat a subs:anc-l- porzicn of the plasma zadiation can be uzillized in
tecenezacive tvcla, Thaze ~:lculacions indicaca shat 31 hugh ais
3caciiiz wmpulse hycsocgen thruster zowered by teamed Laser anezgy i@ JfaRrsible,
and Iurther researca should avaiuate the affects of scaling o higher covers
and the pulze Zormats that aze likely Zor high zower Zzee alaczzon lasex:,

i
Loiancy, =i3n

PARTII
Experimental Research at UTSI

The experimental investigation of laser sustained plasmas at UTSI Legan
in 1983 with the primary objective to determine whether he plasma was stabla
in a forced convective flow. The experiments utilized a surplus 1.5 W
unstable ocscillator laser obtained from US Army Ballistic Research
Laboratories (2RL) to sus:ain plasmas in flowing argon. Advanced diagnost:ic
techniques based on digital :imaging of che plasma continuum radiation were
developed to pravide an afficient way o measure the plasma temperature Ziald
with high resoliution. The initial results were encouraging and revealed =h
interdepencdence of the pressure, power and flow velocity in determining the
position and size of the plasma within the focal region of the laser beam.
However, in the initial experiments the flow velocity was of the same order as
the velocity induced by thermal buoyancy and another set of axperiments was

- _—atd

rezformed to veriiy stabilicy in flows dominated by forced conveczion.

Several important new research procedures were developed to sermit the

|l




$9

acquisition, reduczion and analysis of the high resolution data cbtained fZzcm
these experiments. A new and improved method was developed, based on
sxansform techniques, to perform the large number of Abel inversions zequized
20 reduce the experimental data. This method reduced the computer time
required to process a 3ingle image from 20 hours to S minutes, and improved
the accuracy of the inversicn. A geometric raytracing technique that included
zhe =zefraction of the Seam 5y zhe plasma was developed o0 determine zhe fowars
absorbed from tha laser beam using the measured temperature Zield of zhe
plasma and the known zhazaczerisctics of the laser beam., Careful analvsiz 22
this data zevealed the croitical zole played by zhe sptical configuration of
the sustaining laser team, and axperiments were conducted with sevezal Zocal
langth systems to elucidace this effect. A new Ffourier optics technique zhat
included the combined affacty of both di:::ac:ion and aberraticns fzcm zh
lans was develcped 23 calculate the optical Zields near the focus.

during this time, the detaiied measurements were compared with
prediczions frzom a computer ctode developed at UTSI {discussed in a sepazata
Presentation by 5. M. Jerng), and the agreement was excellent. The axpaz:2ancs
zevealed that 3 2onaidezaoie Zegzee 32 Iontosl zver tne faldama ios

-~ -
son —rn-u-u.

cacdiacidn anc 4nezgy convezyion oula cSe obtainea thzough <he proper
somoination of I/numobex, pressuce, power and Ilow, and experimentcs vere
serformed in which more than 35) of the incident laser power was absorzed by
the slasma and more than 5% of the absorded power was directlvy :snvezrzac intT
srcpeilant entlalipy. & new state~of-zhe-ars carbon dioxide laser was obtained
by UTSZ that was capable of producing 3 csue TEMoo Gaussian heam with powerzs
20 I kW. ?lasmas were sustained using this laser with much larger Z/numbers
in the same chamber as the saclier axperiments, and the zesults confismed dur
understanding of the critical zole played by the optical configuration used =3
sustain the plasma.

2zactical laser propulsion systems will zequire laser powers of . MW o=
greater, and current technology suggests that the most likely candidaces ize
she Itee 2laeczIon lasers. These lasers Yo 19T Jperate fn 3 I2nTinuous Toce
SuT aTh 3 varsacy I Sul3@ ISIMATI.  In IZCer 10 catarmine <nethar taes
sulse fozmats will e aplie 10 austain 1 Suasi-staady plasma, we have
axperiments at UTSI to detarmine the characteristic celaxation tirme 5
slasma Zreatad Sy a short laser Tulse. Argon slasmas at osressuras 2 . ins
itm ware :treatad sy Jocus:ing 32 nominal 100 mJ sulse 32 18 ns du-a:'or H
ZeCl axcimer lasez sperating at a wavelength o¢ 208 nm. T:e Jpeczzali 2m
Irom the decaying plasma was zecotded by an optical multichannel analys
ICMA) using a gate time of 10 as. The spec:: -nd;ca:nd that the
cecombination time was of the order of a microsecond:; much longer =han :h
interpulse time of 46 ns characzeriscic of the RF Linac free aleczzon laser
operating at Los Alamos Naticnal Laboratory (LANL). This result stzongly

suggests that a quasi-steudy »lasma can be sustained using the RF Linac TEL

sulse formac.

Al:houqn iz appears zzat a jguasi-steady piasma can he mainctained usin

the AF Linac FEL, several resexrch issues remain. The duty cvcle of the 3F
Linac TEL is of the oxder 2-4 x 107 and the peak power of the 10-20 s

miczopulses will be much Greater than the average power. Under these
conditions it is likely that the plasma will not be in equilibrium during the
absorption of che pulse, and it is unclear how this will affec: the fraczional
absozption of the laser beam or the radiation losses from the plasma.
Ixperiments are teing planned o answer these important questions using zhe

EL at Los Alamos (LANL). Streak and framing images of the plasma created .




during a 100 microsecond burst from the laser will determine izs i
evelution and whether a quasi-steady plasma is produced. Direc: measurement
of the transmitted laser beam power will determine the fractional power
absorption from the beam, and time resolved spectiza will be obtained using thae

OMA o determine whether the plasma is in equilibrium during miczopulse
absorption.

The axperimental ceasearch has shown that zhe 2w ilser sustainec plasma i3
scable :n a forced convect:ve Zlow, and that the frzactional power apsozption
and conversion efficiency can te contzolled with proper combinations 52
pressure, flow and optical gecmet:zy. Theoretical calculaticny indicate zhat
scaling to higher powers .3 consistent with the use 5% shorzer wavelangth

g g P ¢
lagars, but the affect 0f lnczeasing cptical depth on the sadiative LSzanspos:
is unkrown. The characzaristics of A plasma sustained with TE

R TZL pulse Zormats
is currently unknown, buz axperiments are teing planned to zesolve zhis :s3sue,




81

¥260-70

///k“\

\_7// suoneonddy JaseT] Joj J3jUa)D) < -U

1€90-GS¥ (519)
/688-88€/€ 99SSauUUa| ‘ewoye|in)
alniisu| aoedg aassauua | Jo AlIsIaAlun ay L

suoneoyjddy 1ase 10j J8jUs)
18J99){ Siuua(]

oA udsiad [EOLIOISIH W
:uoisjndoid Jese]




§¢60-719
"~ N ) )
Auane) sagenu| HSO-Y €861
|E 18 AOJeIBUIY) (RUWISE|d PauleISNG 19se] MO /61
Zyimonuey ‘yoynouipy :1daosuo)) 1900y 19se L/61
|31 1195 BPIX0Ig UOqIR) M) v961
abeneg g suntia |, ‘19BN :umopyealg [Leando €961
yuemiaH pue BunjQoW :Agny pauonms-o 1961
uewiep 1ase] Aqnyj ay | 0961
SAUMO | (IBSBN eluowlttiyy ayy | G611
uonjeuibew pue A1anoosiq
L, 9Alj0adsiad [edloISIH W
suonieayddy sosey sof saiy V]~ :uois|ndo.d 18se
q y




‘. ;
o,

wead() .

-

S3ALVLS JALINN







67

19€0"

M 000Gt sua7 Buisnooy

|
|
|
F viuse|d uaboipiyy \

.
LRI 7 r e o
Nl | B

7L
—tr
CAA
x\\\ v
‘
_— 5.
hes
] - e,

weag
jose

§23S 0051 = ds|

S //

/////. /z,/

ANSRGEN

* mw

uabopA 10}

ualboipAH pjoH




U

926019

-

N\

- -

qeseulybpag g 18)aay| :uonexedy vWSE|]
quinie) g I8l (sewseld a|dniny

siAlad 9 1898} ‘B]|o M\ :MO|-} AAIIDBAUOYD) PBOI0-]

slalad @ 9|9\ ‘18)98)| (SJUBLIBINSBIN Pa|Iela(]

SsQ.) :Weag Jeinds|oN RILSE| pauieisng 1aseq

e 12 JjoleD (Al100ja A MO)H

e 18 Jjojes :aunssald WiV 0Le

PRIUO0D AOYNASBIN @ AOSIBUZNY| ‘A0|Z0)| (SOSBK) IB|NOS|ON

APOOW (AN G2) 18MO MO

UBLLIBRIG R USSHUUB “I9]83) IUIIWS } 19|MO-| :S3|1j0ld ainjetadwis |
uolAg 3 ueWIBISOIM (MY 00¥ 01 J8mod 1aD
19 ? 1BUBW ‘jleH :sanep OS]

uszuel. Jewse|d pauleisng 1ase] pAD

|2 18 AOjBIBUdY) (BUWISE|{ PaUIRISNG J18SET MDD

PBIUOD :PAAIESAO SOABM DS
alieaeg g aunyia] ‘1ayep :umopyesig [eondo

8861
/861
/861
9861
9861
7861
1861
6.6}
G/61
G/61
|ZASY
£/61
¢/6l
c/l6l
LL61
€961

SBWISE|d paulelsng JaseT
8 UMOp)ealg Jose]

/W@\ aAl0adslad [eoloISIH W

AW 4
\\\7/ suoneolddy Jase Joj Jaway ¥ _U

‘uoisindold 1ese




(o]
| w

L2609
~ - - A
19}98Y| % Buap :]apoN 181sniL | 1800y /861
18)J99)Y] ¥ Buap :sey01g-I8IAeN pajdno) g-om] 0861
1811y % quuino :weag OuibiaAuo) yim 1sjead|-Laleg g-om G861
BPIBN S8 01S-JaIneN (-0OM | 861
|B 18 Jjoj1BD) 1S9Y)01S-IBINEN (J-OM L 861
Losnquajt g 19Ny (weag yuahbiaauo) g-om| 2961
100Y % u1d)y] :]opo 19300y uabolpAl g-auQ 6/61
BABUZB|9S R A0|Z0Y] (JOPOW 1Uspuacdag awl] g-suQ /61
19J99\| R Ualeg :1aziey Jo unisualxg g-omyL /61
UOS[OIN 9 UOSHOR[ :jOPOW |B2UBWNN [RUOISUAWIJ-BUQ /61
Jaziey [J8pow ,OST, [euaisualig-suQ 0/61
19zZ1ey 1PPoW .adSs. uonebednid ojuosiadng Go6 1
1a718y] 9 U2IA0(,IRZ [IPPOW Umopyealg G961
Buijepopy [eonaloay L
/%\ L oAnoadsiad |eol0ISIH VY
// suoneonddy JaseT Joj Pan ¥ _U ”CO_w_DQO\_& 19seT
N i _J




0260-19
~ ] - T Tt o - )
[t ‘IS “THIN ‘saffojoutoa | eNnadg ‘OOAY
- SLIOJZ) pajoeluo) @ asnou uy 117 0lds
sioullli Jo Aiis1aAlun ‘ISLN ‘1Sd ‘e1elS uuad
- SH0JJ3) pajorNUOD S04V
Tdr ‘Busog ‘paatpjoo
- S9IPNIS WIISAS
HYN ISLN ‘Nag ‘PasypooT ‘Wwodly Auy SN ‘I1Sd
- S110JJ7] PBIoBNUOY R ASNOL-U] [[BYSIeN VSYN - //6L YSYN
APMIS N1819AT (VDAY L1614 VdUVu
auApi@ooy ‘pastpoo ‘|Sd
- SHOJ3 paoenu0)) B 8snoy-U| SIMT YSYN (2.6 VSVN
SolIAOY uoisjndoid
/% \/ oA0adsiad |BoLIOISIH VY
\3»;/1/ suoledlddy JaseT J0| J1ajua)) jo “Co_w_jacx_& \_mm.m.l_

J




; —
626019

P -

~
19500y B LIS 10} Aljiqede) pa)oipaly JUs||eoXT .
P8IdIpald @ PAAIBSAQ %G9 < ADUBIDIJJT UOISIBAUOD) «
PaIdIPaId %66 < ‘PanIBsAQ %08 < Aousiolg uondiosay .
MO| BANIDBAUOY) Ul 9]|qRIS 8Je SBWSe|d .

SNLVLS LN3IHHNO

Angede) sanoipsid -
| AouBIo1)j3 UOISIBAUDY) .

Aousloly)g uondiosqy «
MO[ 8ANDaALOD Ll ANlIelS -

SINSSI HOWVYISAY J1dIONIHd

SIMNANOY HSO4dVY
Vu,/_m,\\“.\ s aAl0adslad |BoLOISIH W
\\_,/1/ suoneonddy Jaseq Joj auany ¥ _O ”CO_W_DQO\_& ‘_mw.ml_

\_




73

0£60-19

-

— ey + -

8100) SNOSBSEL) 10 Pag PazIPIN|- - JBBJONN »
sewse|d (ap10g onaubepy) pauyuon) Ajronaube .
unbjiey] 'so1y 4y ‘eutisejd pasing ‘sivfory ‘Jdin - 211093
19q1osqQy BUWISE|d 10 PIjOS - IB|0S »

PIBOQ-UQ JO WRAg] - OABMOIOIA «

aABM (JST] 1ese pasing »

NOILILIJIWOD JHL

¢, BSUDS MR )l SBOP UBUANA - STIPNIS UOISSIA -

1WybB1ap ‘siuepadol | ‘sandQ ‘SMOPUIAA - SANSS| WBISAG »
¢, Juauiadxs sa A1ost | - uondIpald 1SNy .

SBUISR|¢] UBLOIPAK »

Anawoax) ruise| ajdnniy »

¢, Selse|d Apraig-isenp) - s1ase’| (719-1) pasingd »
lajsuel] aAnrmey ‘Yibuaparpp 1amod - Buljeog .

SINSSI |1 10HVISIAY T1dIONIH
¢, uoisindoud 1aseT Jayiym

anoadsiad [BOLIOISIH W
‘uois|indoid 1ose

%«N\ \ /[

\\7/// suoneoiddy Jase] Joj 193D \4 _U

J.

P - c e e ———— -




Dennis Xeefar

REFERENCES

Batteh, J. H. and Keefer, D. R. (1974). “Two Dimensional Generalization of
Raizer's Analysis for the Subsonic Propagation of Laser Sparks,” IEEE Trans. an

Plasma Sei., PS-2: 122.

Carloff, C., Krametz, E., Schafer, J. H., Uhlenbusch, J. and Wroblewski, D.
(1981). “Continuous Optical Discharges at Very High Pressure,” Phvsica 103¢:

439 (North-Hoiland Physics Publishing, Amsterdam).

-

Carloft, C., Giilet, C., Kramertz. =., NMuiler, A., Schafer, J. H. and Thiendusch.
J. (1984). ®“Theoretical Description and Measurement of the Flow Field of a

Continuous Optical Discharge,” Arch. Mech., 36: 473. (Poland).

Caveny, L. H., Ed. (1984). Drbit Raisi
Research Status and Needs, Progress in Astronautics and Aeronautics, 39.

Conrad, R. W., Roy, E. L., Prles, C. E. and Mangum, D. W. (Oct. 1979).
“Laser-Supported Combustion Wave Ignition ‘n Hydrogen.” Technical Qecor:

RH-30-1, US Army Missile Command, Redstone Arsenal, AL.

Cremers, D. A., Archuleta, F L. and Martinez, R. J. {1985). “Evaluation of the
Continuous Optical Discharge lor Specirochemical Analysis,” Spectrochimica Ac:a,

40B, No. 4: 663. (North-Holland Physics Publishing, Amsterdam).

Cross, J. B. (1986). Private cornmunication.

Cross, J. B. and Cremers, D 4. 1985). (AIAA-85-1068). “Ground-Based In-
vestigations of Atomic Oxygen Interactions with Space Station Surfaces,” AIAA

20th Thermophysics Conference, Williamsburg, VA.




Cross, J. B. and Cremers, D. A. (1986). “High Kinetic Energy (1-10 eV) Laser
Sustained Neutral Atom Beam Source,” Nuclear Instruments and Methods in
Phvsics Research, B13: 638. (North-toiland Physics Publishing, Amsterdamj.

Fowler, M. C. and Smith, D. C. (1975). “Ignition and Maintenance of Subdsonic
Plasma Waves in Atrnospheric Pressure Air by CW CO» Laser Radiation and

Their Effect on Laser Beam Propagation,” J. Apol. Phvs., 46: 138.

Fowler, M.C. (1981). "Measured Molecular Absorptivities for a Laser Thruster,”
Franzen, D. L. 71972). ®*CW Gas 3rezkdown in Arzon Using 10.6-um Laser

Radiation,” Apot. Phvs, Tere., 21: 32,

Generaiov. N. A., Zimakov, V. 2., Roziov, G. [, Masvukov, V. A. and Raizer.
Yu. P. (1970). “Continuous Optical Discharge,” Sov. Phvs. JETP Lett., il

302.

Generaiov, N. \., Zimakov, V. 2., Xoziov. 3. 1., Masyukov, V. A., and Raiger.
Ya. P. (1972). “Experimental Investigation of a Continuous Optical Discharge,”

Sov. Phvs. JET?, 34: T63.

Gerasimenko, M. V., Koziov, G. I. and XKuznetsov, V. A. [1983). “Laser Plas-

matron,” Sov. J. Quantum Slec:ron., 13(4): 438.

Glumb, R. J. and Krier, H. (1984). “Concepts and Status of Laser-Supported

Rocket Propulsion,” J. Spacecraft and Rockets, 21(1): 70.

Glumb, R. J. and Krier, H., (1985). (AIAA-85-1533). “A Two-Dimensional
Model of Laser-Sustained Plasmas in Axisymmetric Flow Fields,” AIAA i8th

Fluid Dynamics and Plasmadynamics and Lasers Conference, Cincinnati, OH.




.

Griem, H. R. (1964). Plaspa Spectroscopy, McGraw-Hill, New York.

Holt, E. H. and Haskell, R. E. (1965). Foundations of Plasma Dvaamics, Macmil-

lan Pub. Co., In¢c., New York.

Jackson, J. P. and Nielsen, P. E. (1974). “Role of Radiative Transport in the

Propagation of Laser Supported Combustion Waves,” AIAA J., 12: 1498,
Jeng, S. M. (1986). Unpubiished calcalation.

Jeng, 3. M. and Keefer. D. R. /1086). “Theoreticai Investigation af Zaser-

Sustained Argoa 2lasmas.” J.Aoopi. 2hvs., 40: T272.

Jeng, 3. M. and Keefer, O. 1987a). “Numerical Study of Laser-Sustained Hy-
drogen Plasmas in a Forced Convecsive Fiow,” J. of Power and 2:opulsion, 3{(3):

255,

Jeng, S. M. and Xeefer, D. R. 1987bl. AIAA-37-0383). “A Theoreticai Inves-

tigation of Laser-Sustained Plasma Thruster,” AIAA 25th Aerospace Sciences

M eeting, Reno. NV,

Jeng, S. M., Keefer, D., Weile, R. and Peters, C. /1987). “Laser-Suszained
] ] .
Plasmas in a Forced Convective Argon Flow, Par: [I: Comparison of Numericai

Model with Experiment,” AIAA J., Vol. 25, No. 9, pp. 1224-1230, Sept. i987.

Jones, L. W. and Keefer, D. R. (1982). “NASA's Laser-Propulsion Projec:,”

Aeronautics and Astronautics, 10: 66.

Kantrowitz, A. R. [1971). “The Relevance of Space,” Astronautics and

Aeronautics, 9: 34.

Karzas, W. J. and Latter, R. (1961). “Electron Radiative Transitions in a
Coulomb Field,” Astrophys. J., Suppl. Series 6: 167.




S v pom—

Keefer, D., Elkins, R., Peters, C. and Jones, L. (1984). “Laser Thermal Propul-

sion,” Orbit-Raising and Maneuverino Propulsion: Research Status and Needs,
edited by L. H. Caveny, Progress in Asironautics and Aeronautics, 89: 129.

iteefer, D. R., Henriksen, B. B. and Braerman, W. F. (1975). “Experimental

Study of a Stationary Laser-Sustained Air Plasma,” J. Appl. Phvs., 46: 1080.

Keefer, D., Jeng, 5. M. and Weile, R. (1987). “Laser Thermal Propulsion Using

Laser Sustained Plasmas,” Acta Astronautica, 15(6/7):367.

-~ 3 - » (1d

Xeefer, D., Paters, J. and Crowder, Z., 1985j. A Re-axamination of :ne

Laser-Jupported Combustion Wave,” AIAA J., 23: 1208.

Keefer, D., Weile, R., and Peters, C. (1986). “Power Absorption in Laser-

Sustained Argon 2lasmas,” AIAA Journal, 24(10): 1683.

Kemp, N. H. and Root, R. G. {197C). “Analytical Study of Laser-Supported

Combuszion Waves in Hydrogen,” . Ennrgy, 3: 40.

Klosterman. Z. L. and 3yron, 3. R. 18741, “Measurcime  of Subsonic Laser
Abscrption YWave P:rupagation Characzeri: “ics at 10.6 zr,” J. Appi. Phys., 43:

-~ -

1751,

Koziov, G. L, Kuznetsov, V. A., and Masyukov, V. A. (1974). “Radiative
Losses from an Argon Plasma and a Radiation Model of a Continuous Optical

Discharge,” Sov. Phys. JET?, 39(3): 463.

Kozlov, G. 1., Kuznetsov, V. .. and Masyukov, V. A. {1979). “Sustained Optical ‘

Discharges in Moclecular Gases,” Sov. Phvs. Tech. Phvs., 49: 1283.

Kozlov, G. L. an1 Selezneva. I. K. {1978). “Numerical Study of a Laser Spark

and a Continuous Optical Discharge in a Focused Laser Beam,” Sov. Phys.
Tech. Phvs., 23: 227.

77




Krier, H., Mazumder, J., Rockstioh, T. J., Bender, T. D. and Glumb, R. J.
(1986). “Studies of CW Laser Gas Heating by Sustained Plasmas in Flowing

Argon,™ AIAS J., 24: 1636.

Maker, P. D., Terhune, R. W. and Savage, C. M. (1963). “Optical Third
Harmonic Generation," Thi ternatio erence o ant. Flecironics,

Paris, France,

Merkle, C. L. (1984). “Prediction of the Flowfield in Laser Propulsion Devices,”
AIAA T, 22(8): 1101

Merkle, C. L., Molvik, G. A. and Shaw, E. J. (1985). (AIAA-85-1534). “Nu-
merical Solution of Strong Radiation Gasdynamic Interactions in a Hydrogen-
Seedant Mixture,” AIAA 18th Fluid Dynamics and Plasmadynamics and Lasers

Conference, Cincinnati, OH.

Minoviteh, M. A. (1972). (AIAA-72-1095). “Reactorless Nuclear Propulsion
~ The Laser Rocket,” AIAA,SAE 8th Joint Propuision Specialist Conference,

New Orieans, LA.

Moivik, G.A., Thoi, D. and Mfezkle, C. L. {1985). “A Two-Dimensionai Anaiysis

of Laser Heat Addition in a Constant Absorptivity Gas,” AlAA J., 23: 1053.

Moody, C. D. (1975). “Maintenance of a Gas Breakdown in Argon Using
10.6-4 CW Radiation,” J. Appl Phys., 46: 2475.

Muller, S. and Uhlenbusch, J. (i982). “Theoretical Model for a Continuous

Optical Discharge,” Physica, 112C: 259.

Raizer, Yu. P. (1965). “Heating of a Gas by a Powerful Light Pulse,” Sov. Phys. JETP,

21: 1009.

N

L




Raizer, Yu. P. (1970). “Subsonic Propagation of a Light Spark and Threshold
Conditions for the Maintenance of Plasma by Radiation,” Sov. Phvs. y 31t

1148.
Raizer, Yu. P. (1980). “Opticai Discharges," Sov. Phvs. Usp., 23: 789.

Shkarofsky, I. P., Johaston, T. W. and Bachynski, M. P. (1966). The Par:icle
Kinetics of Plasmyas, Addison-Wesiey, New York.

Thompson, R. V., Manista, . J. and Alger, D. L. {1978). “Preliminary Resuits
on the Conversion of Laser Inergy (nto Ziecinieiny,” Appl. 2hus, _aez. J0010%:

610.

Weile, R., Keefer, D. R. and Peters, C. (1987). “Energy Conversion Efficiency

in High-rlow Laser-Sus:ained Argon Plasmas,” AIAA J., 25(8): 1093.

Zel'dovich, Ya. B. and Raizer, Yu. P. {1963). “Cascade Ionization of a Gas by

a Ligat Pulse,” 3Jov. Phvs. JZTP, 20: 772.




1€60-71O

81

724 N \Z
e M/ suoljeoiddy JaseT Joj sauay ¥V _O

L€90-SG1 (G19)

/688-88E€/€ 93sSauua | ‘ewoye|n |
aInjiisu| aoedg a@assauua | Jo Als1aAun ay |

suoneoljddy 1ase Joj 19jua)
geseuiybpag pey B 18Ja9y| siuua(]

S QE:m:_ oordg [N 1e
. UoIeasay [ejuswiiadx]




_2€60-19

Anawoar) jeondQ Jo adsuanyjuy sy} Meniend .

S|9POW |EJN1BJ08Y | YlImM sjuswainseay pajivia aledwo) .
. aouejeg AG.iauz] jruwisjul pajiela(] Al auiwis}a(g
sanbjuyoa j visoubeiq jeando sy dojasq »

sewse|d uobiy g 1aseT] Ajljeny-weag pooy) ‘|lews .

HOVOUHddV

loineyag pasingd »
ADU8I01}J3 UOISIBAUO)) «
Aouasioy)g uondiosqy .
MO| 8AIDBAUND Ul Alljiqe)S »

S3JAILOArdO
., alnyisuj aoedg N 1ie
suoneoiddy Jase so) Jaluay ¥ _MU LD.le9S3Y _mﬁcmr:_._maxm




T N\

o Y, .

W snjescdde jrjusivpadxs sy o anewmayng
W »

|

)

A - - et c e ——

V weeg iesey pys) v o .Vé\l\u..o:_s_
% wn |

7 T TN

| ...“nnm.a.um..w. 30—::3 /

| S O ot by o
A—— Mol 1 ———t _ _
(LU [ ,J . \ J

| —3-—-5.—0 >a°_& U ﬂ

eng - -

tin)sAg
sishimuy y maue) g0

W jold unjsmboy ) T T e— N

, ey S S 1 — — .

nlirwg - e PR - i - - rwseyyg
— )

]
1oyoer
M..l.'l..N_:u:G
(3
f

_u:u_.xw/@

 o— WODIA

Inj4 ssedpung mossen
Jojjuopy osplA

-l —

-_

g weag \\

X810 pieyy




i e Uy S

L ewger
T e

o -
SsrSEE ST o¥e S
gk
.. e - T




sess07 uoljelpey pue uojjdiosqy 19Mod aje|najee
3171 Buisn piei4 einjesadwa] ewsejd aulwidlage
Uo|SIaAU| |3qY J0) SPOYJaN wiojsuel] asfe

uoJSSIWg WNNuURUoH
yibuejane mouen jo sabew) jeybiqg aanboye

INDINHOAL J1LSONDVId




e
P e TR WA R
g{'ﬁl} s &
L ddr e § '

e ; R
R TR o

~

. P SR W, e o L T e
- aa-Sbutdiiihbaivlof g .
. OISR e &

L P

R I e

D B e diAA &
- ;' —— >ua
o M, oot ot
. IR

i # T

T ga s

TN e




91

(ww) wouojnp Iogmo

0°CTS $°0% O°'GY S'LY O'9y S'rv

T

| A DA | T

osr
i

ja

-19°0

(wus) esuos|p jo1puL

0 ZC $°0% O'GY $€°LY 09 S°'yry OCY €1y O°Or
Dhat A D s 5 nsus. e e st (el BN Bl J"J!lu

(usws) eduojep (OO

e bl )

o'c

-1

Q
Q

1
0
[+

(ww) eduDis'p jopos




uoneolddy lJase 10} 18jus)

(wuw) eoubpys|ip |DIXD

0°'09 SG°4S O0'SS §°¢6 00S Sy O'sYvy S ¢y O 0OF

1

17 1 71— TTT "Y1 "7 ™7

o'«

— (1o 38 ejjem) ujg —=susj| —
~ LINININ3JIX3 wipg-g=—=21nssautd -
~.
l/-
— /o
=
- /
- .\.
\.\
. \
—
pntlee
" . s/uwQ0gg O0=A}D0o|eA -
— AHMO3IHL MSEL  =4Jemod desp| {g-
| — 1 _ 1 _ B | _ 1 — 1 _ 1 —x 1

(wwt) soubpys|p |DIpDA




93

(S I & POy 7 S IP

dndd.

tars

uoneoljddy rase 10} 19jud))

(ww) eoubDys|p |DIXD

0’08 S LG OGS §'¢cS 00 Sy O'S+y G ¢y O 0V

T _ L — T — 4 — T ‘—“— — T _ T
- A_U jo ®1ep) ulg =sue| —|{0°%
i INININITLX3 wing- -zZz—=oJanssoauad -
- —-1v-c
. 1871
- .\lN L
- N
e
=. M/ e -9 0
- — -
! : n .
=3 oo
- ;,;/./ .
i . /-\ I 1°°
- 4 // N
~ ( //
B ( AN g
5 -
- —18° 1
- -
— —|v-c
5 s /w90 P =A}o0|8n
- A¥O3IHL mgBzs  —=4emod desp| {o-¢
1 — 1 _ 1 m | _ 1 _ 1 — | — 1

|oIp D

(ww) eoubys|p




Sof
suoIeNddy J2SET] O] JAIUID dI_U

00s

oot

(s/wo) moid
oo

00t

suad| , 2l -—-=---
wF.ho— .-m _—
siiem Q2L
wie 52

0
oz
./.
O
-n
oy =
Q
o
m
Z
09 3
-3
m
e }
08
118




R Lo, ATt

TP )

St e Y

R ONTAN R o

o o o—
& ST

. -
g -

p

YT e = v
+ e e, vt e, e, -

uonjoeljay Jo uopdiosqy euwise|d 9pn|oU| jou S380(Qe
Ajjejuawiadxy paljlio usag seHe
suonnquisig ynduj fiesjiqiy jeal] uede

uonoejid
pue suojjenaqy yiog jo Ssio9jj3 sapn|ouje

spoylol [eondg wiojsuel] 18N04 SaS()e

SNOILY1ND1VD 1VIIlldO




-

-

Wo3lg N—UWC..._ %J:UN:U r-m—Oh—mZ:
oy gnmvwm- U304 NI Mnmlzhmomn- .r.—-nmzm.-.v:

\. ..c....zm& 1 mmmxm aNY nm._.c._:o._cu 40 zomnmcn_zou

.Nv







-~




.
-

S U

90

SN W

[ww] 3oNViSIA TVIaVY

vo 20 00 A% vro- 9°
-~ < !.rJr.,\— = 1 - Ic.—ﬂﬂﬂ .—ch.:c. LI N S
\ .
|V
. /
/. \.
\ .
HYINNNY ———
z_<_wm=<m ———

o.
00

S0

o't

— G'L

[;wo/M ,04] ALISNILNI




e

fwo)] 3ONVLSIO TVIXY

S0

0t

[Lwsim 0] ALISNILNI

HYTNNNVY —-
NVISSNVY ---




- -

RNt Aty At wmew ¢ &

(3 VLIV LT

ETARLLL

-

"Il“ - .)\ -

i —— ot e e

———

ueissney ‘uoljeipey —v
Jejnuuy ‘uopejpey —v

uejssnen ‘uopdiosqy —a

jenuuy ‘uvojjdiosqy — &

o

S I B |

e ot o = =

-[— 00

|- zo

LAY

-9°0

- 80

-0t

H43IMOd LN3QIONI 40 NOILOVHS







oR we M8 wmp e Ax x

10£0-719

$108)3 wWnUgiiNb3-uoN

ainjesadws | ewse|d Jo sansugioeley) jeiodws |

uondiosqy jeuonoel4 uo sasjndoloiy Jo 109}

paysiiqeis3 aq eielS-ApEaIS-ISEND UBD

sjuswitiedxy INV T/ ISLN







EEE A

1019919Q

19 1ndwoo
~O121IW

131)1suajuy
abew] _HU
—

ydeiboi}oadsg

19zAjvue
jauueyod

-ninw v (

feando

10jei12usb Bujwiny

21eb pue Aejag

10j1e12uab asind

wu go¢g

lacse] 1awWioX?d |D3X




(wu) yibuaparom

_ omwv O_N¢ .oTv .om_; .O.mm. .o.mn 0LE .owm..ooo—
.).w .1..1.; .,f, _.\:\?}éh,kif/\%{{rjmcomm_ {
y |
3 ‘00001

NS

7oy ,
. MY

1) 1By -
myy

su Ql=4Yipm Q09
uno |=d
ucbuy

1Y

; —— ,.v)r\\\(f:-\//‘},t\\;li..x\/\\,( suQe
VNN

 °000001

) S éd

¥ 90+301

L 2

|

t /04301

A)Isusju| aAlDjaY




UJOUS|SADM

00y 06  "08BE 0

SUQL=Lppim 9309
unp |=d

Oy 068 088 0LE 0S¢
-~ L

/ sup/ w

\v/ suQg

|

l

0000G¢

— '00000%

— '0000089

sup¢  — "000008

- 90+307

- 90+3C71

- 90+311

- 90+39°1

Ayisusju| aAjDRY




Ovy 0gy  OCV

| i

‘) é SUOBZY

! ! | ! !

mcomm_

SUQBG

\%\'/\\/\2‘/\3 SUQR?

VAN vy i

SUQi=Uipim 909
uno ¢=d
vobuy

. /(/\/\(2\/ suQ/

\ Su0T

aaaa R

"000t

"00001

‘000001

90+30'1

LO0+301

AFEvmmFQQGB — ‘ 1;II;
Ol ‘00% ‘06¢ ‘08¢ 0LE ‘09¢
‘001

Ajisuaju] aAl3DjeY




AEcVﬁ LIETELN

121

08¢

0¥y 0S¥ 0cy Oy 0O 06€ 08¢ OLE
oo A

+ “ pomm e e —

suQ.

suQg

SUQd

SUQL =U3PpImaI09) \
uno z=d *

~ "000002
~ "00000¥
— 000009
— "000008
— 90+301

— 90+3C1
.ﬂ_- 90+3¥1

A}isuaju] aA)DjRY




123

& 1 T (suy swil
'00Sv "000% ‘00SE ‘000 "00SZ "000Z 00SL 000 ‘005 O

s e e e e + "00l
. ~ -
/ k -
q Y % ” “
71 fnell .ODOﬁ “
luuuuln + I
N i
N T - “
J ] .
\ 3 A
sagind SUDY rﬁ ﬁ T M
= '000C. <.
f =z
, - 0]
N =)
{ rr
I o
- 2
- . wm
= "00000} =

sugl = Yipim 3309
uobuy




Vl%]i - ' — e
"X 00001

sugL = Uyipim 3309
uob.y

(s0) swiL

‘00t

0l

00i

m
i
|

wio ¢

B st &

wio |

bocea o

‘00t

‘000!

‘0000t

000001

90+301

£0+307

KyIsuaju] aAijD|aYy




169019

]

-umowyjun - buljeosg podsuel] eAlelpey
uMOULH| U - Jewl04 pasind Buisn sojsuaioerey)
o|qelone sieaddy Buijeog yibusjonepn
Aligede) aanoIpald Jusj|8ox3

MO| UIIM P3||0ju0D 8 ued Aouaio1}j3 UOISIBAUQD)
pauleigqO @q ueod uoldiosqy [euoloeld palinbay

MO BAIDBAUOD) PB2I04 Ul 8jgelS S BuwiSe|d

SMB]S YoIrasay JUaling)




129

ABSTRACT
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Qverview

The key scientific issue for laser rocket propulsion using continuous laser beams is
gas headng by laser supported plasmas. Cold gases do not absorb the laser energy at

wavelengths of current interest (1 pto 11 ft). Only by suswuining an intense piasma, at
fluxes of the order of 108 watts/cm?, can the laser energy be absorbed via inverse
bremsstrahlung and some molecular band absorpton. Such laser supporied plasmas
(LSP) form near the focus of a converging high-power laser beam, and have been found to
be stable under a wide range of power, pressure, beam-convergent f/no.'s and flow
velocides.

Temperatures within the plasma core are extremely high (approaching 20,000 K),
meaning that the core is highly ionized and able to songly absorb the laser energy, as
mentioned, through inverse bremsswahlung continuum absorption. Unfortunately, the
very high temperatures also tend to lead to significant radiadon losses from the plasma,
particularly in the visible and UV spectrum.

Thus, the key to the problem is maximizing the laser energy absorption by the
plasma, while at the same time minimizing radiation losses to the chamber walls. In this
way, the fractional retention of the laser energy by the propellant gas (i.e., the thermal
conversion efficiency) is optimized.

- _




In order to achieve this objective, the fundamental behavior of properties of LSP's
must be studied under a wide range of conditions. Of particular interest are plasma core
temperature distribudons, plasma size and stability information, absorption fractions,
radiation losses, characterization of the flowfield around the LSP, and most importantly,
measurements of the thermal conversion efficiency. Laser-sustained plasmas have been
studied for over a decade, but only a few investigations have been performed with the
application of propulsion in mind (i.c., operation in forced-convective flow regimes).

The primary purpose of ongoing research at the University of Illinois is to provide
fundamental measurements of both the local and global properties of laser-sustained

plasmas in {lowing argon. (a substitute for Ha) so that the {easibility of laser propuision

may be accurately assessed. As mentioned above, properdes of particular interest include
plasma temperature {ields, stability and initiadon information, global absorption fractions,
and thermal efficiencies.

The laser employed in the experiments is an Avco-Everett, Model HPL 10 CW CO,

laser capable of sustained 10 kW beam output at 10.§ microns. The beam axial
cross-section is annular with a Gaussian energy distribution over the radial cross-section.
To facilitate materials processing (the laser's primary function), the annular beam has been
¢xpanded to a diameter of 2.6 inches.

Laser sustained plasmas are created by focusing the laser inside a cylindrical
absorption/flow chamber shown in Fig. 1. The chamber is placed vertically at the test
stand to preserve internal axial flow symmetry in the presence of swong buoyancy effects.
The chamber, attachment flanges, various ports and feed-throughs, and window
assemblies were machined from 304 stinless steel. Stainless steel was chosen for its
strength and corrosive resistance. A 5-in. ID was selected to allow completz studies of
thermal mixing in the flowfield.

Plasmas are initiated by focusing a 10 kW CW CO, laser inside a pressurized flow

vessel through a sodium chloride window. The f/no. of the focusing optics can be varied
from /2.2 to {/8, and the pressure and flow rate of the argon gas can be varied widely.
Actual plasma initiation is achieved by inserting retractable zinc or tungsten targets at the
laser focus.




Emissions from the plasma are used to spectroscopically measure temperatures
within the plasma core, using an OMA-3 spectroscopic system. The laser energy that is
transmitted through the plasma is collected and measured by a copper-cone calorimeter
mounted above the chamber. Temperature distribudons in areas downstream from the
plasma are measured using a movable grid of high-temperature thermocouples. These
measurements can then be used to assess flow patterns within the chamber, and to
determine thermal conversion efficiencies. A laser-induced fluorescence diagnostc system
is also being used in an effort to obtain more accurate instantaneous temperature mappings
of the downstream flow regions, as well as for qualitative visualizadon of flow patterns
near the plasma.

References (1] through (4] provide descriptons of the work performed to date with
these tacilides.

Important Condlusions

Laser-sustained plasmas have been initated and maintained in pressurized flowing
argon under a wide range of flow and power conditions. The plasmas tend to be highly
stable energy conversion mechanisms, but can be forced to extinguish through cither 2
reduction in power or an increase in flow velocity.

Spectoscopic temperature scans of the plasma have been used to study the size.
shape. and behavior of the LSP under different power and flow conditons. These
temperature fields have subsequendy been used to calculate absorption fractions and
thermal etficiencies. and have been shown to agree well with out other independent
measurement techniques. Also, it has been shown that local thermodynamic equilibrium
exists within the plasma core.

Global absorption fractions have been measured under different conditions, with
fractions as high as 80 percent being typical. Increasing absorption with laser power is
indicated, a trend that becomes more pronounced when the f number of the focusing optics
is increased.

Thermal efficiencies have been measured under a range of condidons using a grid of
thermocouples. Values as high as 40 percent have been recorded. It has been found that
efficiency tends to decrease with laser power, but to increase with flow velocity (until a
peak value is reached and blowout subsequently occurs).
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Accompanying Text for Workshop Figures

Figure 1

Schematic of the current experimental test stand. Of particular interest are the precision
optical mounts which carry the two lower copper mirrors, the ransladng stage which positions
the focusing lens, the sintered steel flow straightener, and the converging quartz section.

Figure 2

Detailed schematic of the laser absorption chamber shown aso wn Figure 1. As
originally designed the 24 gas inlet holes created tlow turbulence which resulted in plasma
instability at flow velocities approaching 2 m/s. Currendy a sintered steel flow straigntener
quiets the flow subs+andally, allowing for stable plasmas at much higher tlow velocides. The
converging quartz section shown accelerates the flow to almost 10 m/s at 28.1 g/s. Other
sections can be used which speed up the flow even more.

Figure 3

In addition to improvements to the gas inlet system, two successive laser beam
alignments have been performed whick also increased the stability of plasmas ac higher flow
velocides. The effect of these changes on the velocity at which a plasma becomes anstable is
seen in this figure. These curves are for plasmas sustained with an /4 focusing geometry. We
were unable to extnguish an {/4 plasma at 1.5 kW with our maximum rlow capability. No
curve has yet ben produced for /7 plasmas, but they have been shown to be less stable than i/4
plasmas. It is because of these improvements to the test facility that new operating conditions
can be explored and compared to theoretical predictions.

Figure 4

Results of high velocity expenments with /7 focusing optics and | atmosphere argon
pressure. As seen in previous wark, there s an upward trend in efficiency with the increasing
argon mass flux (g/sm2), made possible by the converging section. High flow velocity (i.c.
mass flux) indicates a cooler overall plasma with less radiatdon loss. The figure shows that a
higher power plasma achieves an ctliviency comparable to a lower power plasma only at a
higher mass flux.It appears that a S AW plasrna is at an ill-matched operating condition. Figure
5 shows that a 5 kW plasma has a higher global absorpton fraction than a 2.5 kW plasma, and
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therefore has the potential for a higher thermal conversion efficiency. Higher velocity
cxpaiinems must be performed to map out the behavior of a series of experiments such as that
shown here, in an effort to optimize the operating conditions at high power. These trends will
become important when a mass flux is required for a certain application that is beyond the
blowout mass tlux of a given lower power plasma.

Figure §

Shows that higher input laser power results in higher global absorption fractions. [t
appears that a § kW plasma requires a higher mass flux to achieve its peak absorption than due
the lower power plasmas. This is because a higher power plasma will stabilize further
upstream: of the laser focus at a given mass flux, which is a characteristic of ill-matched
operating condidons. Because efficiency is still on the rse at these mass {lows (Figure 2, 1t
appears that there is a strong radiadve dependence on tlow velocity as well.

Figure 6

Compares measured etficiency using two flow configuradons. All the points below
200 cr/s are data taken without a converging section in the chamber, and the points above 200
cmVs are with a converging section. The obvious discontinuity in the dara is probably due to
significantly higher heat losses from the exhaust gas when using the converqing section. lore
than seven times less mass flow-rate (g/s) is required to achieve a given velocity with this
converging section than without, resulting in temperature increases seven times greater if equal
¢sficiency is to be realized (i.2. no disconunuity). If one assumes that this required temperature
rise is realized. then one will see that heat losses dependent upon temperarture difference with
the surroundings (i.¢ convection and radiation to the cold chamber wails), wiil be increased.
What is measured with our thermocouple diagnostics is the temperature atter the above heat
losses have taken place, giving the appearance of dramadcally lower efficiency. If the above

discussion is a valid explanation of the discontinuity, then efficiencies approaching 30% ure
evidenced.

Figure 7

Shows the effect of increasing the chamber gas pressure on global absorption for
plasmas at constant mass flux 1gsm2), As pressure increases the plasma shifts further
upstream of the focus due to an increase in absorption coefficient. However, the shift into a
lower intensity region of the beam. along with a significant decrease in size of the plasma
results in a decrease in overall aborption fraction. Better matching of the mass flux with
power and high pressure should result in global absorption fractions at least as high as for




plasmas at atmospheric pressure. Running experiments with elevated pressure and with double
or triple the present mass flux range should help answer this questions.

Figure 8

Shows the resultant decrease in thermal efficiency with increasing pressure at constant
mass flux. The decrease in global absorpdon coupled with an increase of radiative emission
coefficirnt with gas pressure cuts the thermal conversion fraction significantly. Experiments at
elevated mass flux will be helpful in understanding the relationship between operating
conditons and the various energy conversion fractions.

Figure 9

Shows that at a given power plasma at elevated pressure, global absorption is
increasing with increasing mass flux. This appears (¢ “= a result of pushing the plasma closer
to the focus, representing a better matched set of operating conditdons. Once again, even
higher mass fluxes should be used in an atwempt to optimize the plasma energy conversicn
operating conditions.
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High-Power Lasers for Laser Propulsion:

Solar Pumped Laser Option

. tintroduction

Laser propulsion systems utilize the enerqy of a high power laser beam %o
heat a propellant for oroduction of thrust from the propellant expansion.
Recently much progress has been made in the development of high-power lasers,
aspeciaily free alectron “asers (FELs), wnich couid de scaled-up 0 the power
level required for propulsion. The laser propulsion systems are divided into
three types, namely, continuous-wave (CW4), repetitively puised {RP} and
advanced or hyorid propulsion systems. Therefore, the requirements for lasers
vary accordingly. However, the average powers delivered by the lasers are
astimated to be 10-MW level for orbit-to-orpit maneuvering and 1-GW 'evel for
sarth-to-orbit launching of useful payloads. [t is obvious that even the
highest laser power 2ver ideveloped %0 fate is still 3 “ew Jrders 3f magnituce
dbelow that required for propulsion. Therefora, the choice of the lasers o fe
deveioped tor laser propulsion aust First se dasad on their power
scalapility. 3eam transmission characteristics for long distances are aiso

basic criteria for the choice.

1. Ground-8ased Lasers

The concept of ground-based lasers with relay mirrors in space for laser
propulsion is an emerging new approach to advance launching of spacecraft.
The lasers capable of providing sufficient thrust to useful payloads and

various mechanisms for thrust generation have already been discussed.
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F;gure 1 shows the state-of-the-art performance of high power lasers
considered for this approach and that they are a few orders of magnitude below
the requirement. However, the scaling to the power levels required seem to
have no fundamental limitations and aven multiple-unit laser arrays may be
formed to satisfy the nead. The laser propulsion systems powered by ground-
based lasers have been the major approach of the AFOSR program and discussed
fully at the 1986 workshop held at LLiL.D  This talk will present other

options with space borne light weight systems.
III. Space Borne Lasers for Propulsion

Although ground-based lasers could be developed for earth-to-ordit
launching, space-borne laser systems provide many advantages not only for
orbit maneuvering2 but also for earth-to-orbit launching. The most
troublesome aspect of the ground-based laser system for propulsion is earth
atmospheric intervention of lasar vpower transmission between the iaser and the
space relay mirror. Having the space borne laser system, all-weather
launching could be made when chemical propulsion is used f{or the first stage
to 1ift the payload above the tropopause. On the other hand the space borne
laser systems require costly launching of the laser system and subsequent
refueling of the active materials. Therefore, the evaluation of these systems
should be made with respect to the masses of the system and fuel. The

candidate space borne lasers are classified in figure 2.

a. Electric Discharge Lasers: Fiqures 3 and 4 compare one-megawatt
lasers driven by the solar-photovoltaic power generated in Space.3 Figure 3

1ists the intrinsic, electric, and overall efficiencies and the areas of the




solar photovoltaic panels and the radiators for cooling the laser systems.
The diode laser array is included in the table since its recent development
achieved high power output (1 watt per cell) and it should be possible to
fabricate laser arrays with a large number of cells. Figure 4 shaows the
comparison of the system masses of these lasers. The masses estimated here
are based on the recent references as cited.

It is obvious that the diode array is the lightest of four systems
compared. This result is due to the high efficiency (30 percent intrinsic,
5 percent solar-to-laser) and to the minimal alectric power conditioning
required for its low voltage operation. However the large scale diode array
has not been considered for laser power transmission and technology issues
arise about the attainment of 2 beam quality needed for long distance

transmission of the beam. Further discussion will be made later.

b. Direct and Indirect Solar-Pumped Lasers. Under this category we

include the iodine, I3r, solid-state a3t in nost crystais, {0, ana 1J ‘asers
excited by solar energy without converting it to electrical power. Figure 5
is a summary of the direct solar-pumped iodine laser research4'5 pursued at
NASA Langley Research Center. There are other high-risk solar-pumped laser
systems as listed in figure 2. However, these are not developed to the power
level that should be considered here. The results of a l-megawatt iodine

laser system study7

are shown in figure 6. Note that a large portion of the
total mass is due to the common subsystems required for all types of the
system. The major items are the laser transmission optics and the attitude
control system. To compare fairly the mass of the diode array which was cited
earlier but did not include these subsystems, the sum (30,270 kg) of the

masses for the solar collector (14,800 kg) and the radiator (15,470 kg) (no
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power conditioning) from the table should be used. We see that the iodine
laser and diode array systems have closely comparable masses (30,000/

45,000 kg). The beam profile control issue that is of concern for the large
diode array system can be easily resolved for the jodine system by adapting a
master oscillator power amplifier (MOPA) scheme, in which the beam profile is
easily controiled by a small master oscillator. [f the beam profile controi
of the diode array is not solved the diode array may be forced to pump other
laser systems such as Ma3* solid state lasers. When such methads are adopted,
the system mass increasas ¢ 39,576 «g for ! MW output and is no longer
justified for the space borne laser system. The mass increase is due mainly
to 2 low gverall afficiency (2.1 percent) of the solid state laser pumped by
the diode array. Figure 7 gives the details of this estimate., One notices
that the overall efficiency is reduced by & factor of three for adopting the
diode pumped soiid state system and accordingly the system mass increasas
significantly.

Figure 3 is a schematic representation of the solar-oumped laser power
station.’ The solar rays are collected by the pseudo-parabolic solar
collector and directed towarcg tne laser tupe piaced along the axis. The laser
medium in the gas pnase absorbs the near UY band and transmits all other
remaining wavelengths to space. Therefore, the transmitted energy does not
become the thermal load to the system. This fact is very important to
consider for detemining the cooling requirement. The solar collector can be
fabricated with a thin alumnum coated film with 0.1 kg/m2 density. Ffor 1 MW
output, the laser medium must aosorb approximately 5 MW for the intrinsic
efficiency of 21 percent. Since the energy in the near UY band effective for
t-C4Fgl in the air mass zero solar irradiance spectrum is only 3 percent, the

total solar energy of 162 MW must be collected, although most of it (157 MW)




is uneffective and returns to space. This calls for a large solar collector
(122,665 nz, 395.3 m diam.). Figure 9 depicts the thermal and flow cycle
calculations. Notice that the radiator is required for only 4 M4 of cooling
power. For details of these calculations see the reference 7. The study
presents a conclusion that the solar-pumped l-megawatt fodine laser system
with a mass of 92,000 kg can be adopted for the laser power station in 2a
medium high orbit 6378 km. The mass of the system corresponds to the payload
capability of four space shuttle flights. Since there seems to be no
fundamental limit for scaling this system, the requirements or laser

propulsion could be met by future development of this system.

[Y. Conclusion

The candidate lasers suitaole for laser propuision have deen discussed
for their adoption to the ground-based and space borne systems. The recently
developed high-oower diode laser array is included for evaluating the “aser
power transmitters. It is found that the diode laser array could be a light-
4eight system suitaple for J4sing on the space borne power station, as is the
direct solar-pumped iodine laser system under study at NASA. However, beam
profile control is required for the diode laser array and a breakthrough in
this field is necessary. The direct l-megawatt solar-pumped iodine laser
system corresponds to only four shuttle payloads for its unique system
kinetics and no fundamental limit to inhibit further scaling of this system is

likely to exist.




1.

w
.

REFERENCES

Kare, J. T. ed.: Proceed. SDIO/DARPA Workshop on Laser Propulsion.
Yol. 1, Executivc Summary, CONF-860778 LLNL. Nov 1986.

De Young, R. J.; Walberg, G. D.; Conway, £. J.; and Jones, L. W.: A MASA
High-Power Space-dased Laser xesearch and Applications Program. NASA
SP-464, 1983,

Conway, E. J.; De Young, R. J.; Lee, J. H.; Williams, M. D.; and Schuster,
G. L.: "“Comparison of 1-MW £lectrically Oriven Lasers for Space Power
Tranzmission Applications,” (to be published as NASA T™, 1988).

Lee, J. H.; Weaver, W. R.: "A Solar Simulator-Pumped Atomic lodine
Laser,” Appl. Phys. Lett.; 39, 137, (1981).

Lee, J. H.; dilson, J. «.; Znderson, T.; HJumes, D. H.; ~eaver, <. R.; and
Tabibi, M.: Opt. Commun., 33, 367, (1985).

Wilson, J. W.; and Lee, J. H.: "Modeling of a Solar-Pumped Laser,"
Yirginia J. Sci., 31 34 (1980).

De Young, R. J.; Walker, H. G.; Williams, M. O.; Schuster, G. L.; and
Conway, £. J.: Preliminary Design and Cost of a l-Megawatt Solar-Pumped
Iodine Laser Spaca-to-Space Transmission Station, NASA RM-4002.

Sept 1987.




153

8861 “01-8 H3I
M NI IVAUYID-VHRVITNN
dONSNYOM NOISTINAOUd ISV HSO-IV

1V (31INISINJ

HIINAD HOWVASIY ANV VSVH
NOISTAIQ SHAISAS FIVdS
HONVHA JIONIIIS AOMIANT HOiN

AT " vr

NOILJO HISVT d3dNNd-HV10S

‘NOISTINdOYHd HISVT HO4 319V IIVAVY SH3ISV




I Danig
(1AHIATISNOD M aINONS NOT 14O YASVT INYOGIAIVIS

AINTHTIHIINT D THANGSOHLY
03033 INFIVIS-AN ANTINOVH 40 SHIMNO ANVM
*SANSST VIINNI3L O

“1IAT1 ME-1110W 01 3791SS0d tdN-9N1 VIS
(Q3SING) X 005 ‘(KD 11VAOTIX-TLINY *S1YV-ANI-0-31VLS
¥3ISYT “0D “¥3ISY1 NO¥LIINI 33

AYVTIH 3DVdS MLIM 43SvE GNROYD O

notn IMLEIMIEEE )
ONTLVIH NV “NAD VHSVId St 1 - SH Q5 WIaim 3sind
(T AIA0S IYANASOHTY
HINONIHL LHOJASHVH] WY/ JI WA [ )
N - ONIIVHLSSWINE ISHIANT W 0T < HLINFTIAVA

C"d0dd asT a3sind - LHI/A 0T X 2 >
H)  Z"3/A 01 X € > XN14 NOLOHd

(NOL T <) 9NTIDNNVY LISHO-0L-HiNHV3 T <
ONINIANIHVHE IVITHNO KN 0T < Y3IN04 H3ISVI
*(AONSXYON 98617 WOY¥J) SINIWIAHINON O

NOISTNdOHd H3ISVT HOd 318V TIVAVY SHIASV]




N
)

T Maniig]

C(IHITIN WILSAS AAVIH HOJ IVITIIVHAWI 34 AVW)
SHASYT J9UVHISTA J1H1D3713 AINIIDI443 191N
SHASYT (3JHNd-HYIINN 1D3Y]10

SYISVT a3¥3Mod ¥v3ININN 0O

) CINTHINNVT HO:H4 AAVIH 001) 134
(30010°%0) “¥2:400 “HAMIIXT) SHASVT F9UVHISTA I1¥1I3713
(JH3IN0d JTIVIT0A0LOHd ¥V0S

¥ASYT QNG AQGAHNIVIH 0D “WASVT a3dund Aqoaxdvie ¢03-Cn
SHASVT (134uHNd ¥YI0S 1D34]IONI

SY3SYT JA0 “SHICY AN aInoI \A¢m=zv SHASVT 31VIS ainos
YISYT HOTIVIDOSSIUOLONd ¥KT “WASYT NOTIVIJOSSIQ0LO0Hd 3INIQOI
SHIASVT (3dWnd ¥vI0S 103¥1q

SY3ISVI a343mnd HvI0S 0O

NOISTTNdOHd HO4 SHISVY T INHOF-3OVdS




bupampeuew jues
- _(lavo
e el A OO
uan)aa mnys v/
/ %
__ wyounet K¥ N
VA
r )
— ,
\ 031 0}
annys a_
Jasn 1amod
3)0lL 3
\ 4
N .
I.Aﬁli.ﬁ-\ —wron
e
\\ o
\N0.0 \\
s Assel/ ) < P
( /)
!/ i - ’
| K1ddnsau 7 .7 -
\ Juese] \ 7
N — \\ 7 ‘.U <
wy 8¢9

.\\\
uojjejs tamod S
Jase] 1ejos

NOILVLS HIMOd HASYT G3dNNd HYTOS 40 NOILVHAdO




1§

Y Danat.g
a0z 01 £S0° (0T AL vio]
T'F1/92¢
Tor/em T Ta0°/00/Y  STITISIS
B°6/00§  HTO1/0ST  (0T/005  8°17/005  ,H0OOT/A
AVENY ¥VT0S
NVHL %3HIN [°17 §°7 8 ) U
ONV ;M/RXGS T hhh “h g RIS ‘7T GRI'G0S  SRT‘GRI 7
AINITD1447
N3N 07 17T £°¢ 78 05 Ing
S ST 69| AL (1144 AW
88°0 0°9 he 0 m-0 ) 4
443 9Nd-1VN 5°G 0§ ey 67 1
L°5T 0§ 4 o1 1
04570
9°01 R°0 01S°0 ML W
SYNYNIN %02 AVHNV HOAVA HINTIXT
A01a Hddn) KEp

SWILSAS HIASYT M 3NO G3dNNd ATTIVIIHLO3TI DIVITOAOLOHd HYT10S

VIYV/ " dW31 HOLIVIavy

¥3IN0d
Q3LIVIGVY VWYL

VIHV 1INV ¥VI0S

AVENY Ad
HO¥d ¥3IM0d IJ1¥13373

0313371703 ¥3M0d ¥v10S

INLEINIEEE
H3ASYT 01 ¥vI0S

AN31I1443 21410373

AINITIT443 IISNIYINI

HI9NITIAVM ¥ASVT




|
* 13407181 10N
|

HHS Cd TORGT TIADAT MG TnINawy oy
f 12§ “d /861 9NV II)1] (NZZ “DOM] ‘AHIN ) aMY NISHVY "y
| €€ “d "(RGT 9NV JAIJL uNzz “oomy

“MAANNIG (1 "V ONV SINAVO Yy

- Dnsitg

SSVW ATTAV] N3SV1  Ow/°1/T  R8R‘WE /0/°90/ 905 °SZh o SSVW V101
(£ “43) ZM/9% [°7  079SS  0B0'8Z  hSOI6BZ  OM9IO/T o SSYH
. 00970z 0v°OF /507700 00Z77$9 7™ VIHV ¥o1viavy
~03Lviavy
At §7 IR ot MW ¥INOd TYRHINL
(Z "434) 3N/9% 9/°1 01 BOR'S  OZSWHT  000°8R X YANOILIANOD WIMOJ
(1 *23%) 9%/K 00g  000°9( 000711  €£5§7€/2 9997991 o SSyH
AINI1D1443 T0Z  WhboHE  BISTCT SEISHS  SRI‘GRI M VIWV 1INVE WVI0S
LT £ 28 05 INN ELN R RTRERE
_ ININOT110N0D
% IMOd WILIV S°S 0s bl 577 I AINIID1443 D1¥LI3T3
: SYHVHIN  “0D AVHYY A0dVA  NIHIN3
WOIE ¥Add0d Y

SW3LSAS HIASVT MN 3NO d3dWNd DIVLITONOLOHd HVY10S




159

bs wd 1L X VL
MW T'Y1 PAVIN ETR ADJJD 3poip Jasnl
J0l10ipos puUoD ADJSJO JDOS J010}POJ IPOIP J43SD)

AN ]
wnaq J493sD

wyit ‘\\\\\\\\i‘\
m*\\

T~ Dpiajus 108y

MW S'YI
uoj1D1p0J YIJD3

L)

1
llllﬁlll
U6} [uns ///[_;/
witt

W3L1SAS AVHYY 30014 H3SVYT MWL




XYOML3IN ¥3SY 30010 vII¥LIINI

S3d1d LV3N HLIA UNIT00D AVHHY

AVHYY 30010 MH1 01 S30010 379NIS 11vA-1 1INJISIUd YNITVIS
GILVYYISHOHIO LON AVYHEY WISV 3IHILINI ONIHILVH 3SVHd O

) $S3NSSI TVIINHI3L

c O o

J¥3IAIS 39 AVW NOILVIOVH 3DVdS 40 S123443 O
JATLISNIS 3¥NLVHIAHIL A¥3A U
WILSASANS TVAOW3Y
LV3IH OGNV ¥OLVIQVN L #01 S3¥Inb3¥ NOILVYH3dO ¥ISYT IWNLVHILHIL RO O
S3IOVINYAQYSIQ

¥YOLVIOVYY 1V3H 31SYA 37IS/1HOI3N MO
AVHYY ¥Y10S 0L 9NI14N0D ¥3IN04 Q00D SYI AVEYY 30010 H3SV1
HI9N3I3AVA ¥3ISVT ITUVNOSVIY
03¥Inh3Y MLII LNVSV1 UM
HI1SAS 3JAISSYW 1SV3IT ATIVIINILOd ONV TIVHS
(19) ADNIIDI443 HILSAS HOIH O
$S3IIOVINVAQY

o © © O C

S3NSSI TVIINHO3L AVHYY 330010 H3ASVY




-

¢ oauaniing

MOTSSTHSHVEL HVIR/LIOHIOVHVH IVRYINL 30 THIWTNTIXT 109114
TOUINOD T1140404 WY3IR
ALTTIRESHIATY VIINAND

HOLDTI0D AN UVI0S J9¥VT :SINSSI a0 2 ¥ 0

INIHAOTIATE HFaun vdou 03sIndg = d3y

JTNOSHNS ‘MO

CDTIAS-0) AISING A 067 < ‘WD M ST
ANWIDEIIXT 43SV 03dWNd ¥0IVINWIS-¥VI0S 0

FUFTIR0T AANIS HIISAS MHT

FMISSOGE VIATT B9 T “L1W1T IVITITHOTNE oN 9NI VIS
CHOLYINWES AVI0S IEM) (IATINIV K ST < M)

CCINT XONVLL XNV QIATTHOV FX Z/M1 2 < NINO4 03SI0d ATTTIAVIVIS O
INIJ¥Id 970 0) Z°0 AINITDT-47 HISVI-01-UVI0S
o1 01 NOTLVIDOSSIH0)0Nd 3004 NOTLVIIIX3
INIDNM 12 AINATITA4T DISNIYLNT
ANN WM 0GZ-06Z (INVA dWnd
FJMVIIAII NI 66

1647 <1745 R EN A (SITLININ 0

YISV INIGOI a3dWNd-HVY10S 30 SNLVLS







165

HY3IA

06 . 88 98 v8 zs8 08
oL
T | | | I | | [ | M-

(93S NYHL SS37)| -

— m - 0t

= n -
o1

oL

<
LLVM ‘HIMOd HISVT

] | ] | ] | | | ] wo_.

d3dMOd H3SV'1 HV10S NI SS3HOY0Hd




0s¢
000°¢
00221
00£°2T

000°h2

000°T
098°1

0£2°0¢
0/h ‘ST

008°hT

“(CWvig ™

9 aindi]

= s e s e+ s s o “YA/73N4 9% 0ST
) . . Y * - - L) - ° - ux \wzu

(7304 QHV 9WI) WILSAS TOWLNOD 3aniIlLv

- 9X “(SYNVL ALdW3 k) SYHVL 3Jov¥ols 16479-1
[ - » ° ° ) * L) . L] - ux \M-—-U—.—Q
= s e e s s s == o od TINIENNL
=+ s+ = s 9% “(39VIS Z) Y0SSINAWOD

W31SAS MO SV9

9°£2) JYNLINYLS (MY SITLAD NOTSSIMSHVEL ¥3SV]
- = = = 9% “$31140 ALIAVD ¥3SV1
=+ s+ e .+ e+ - 9% ‘3gNL Z1YVND

ALTAV) ¥3SV1

:SWILSASENS ¥3INLO0

T 9% “YOlvIavy aNV 401237700 ¥0d SSVHW V101
L ] . L] . e L L] . L * L] - wx \xc._.<—=<x

oot ottt ot r sttt o YY0133T10)

SSYIN WILSAS HISV INIQOI HVT0S MIN 3NO




187

INdNT ¥3SVT 30010/71NdLN0 HISVT QVA:ON

L danf

43SV INIQOT ¥VI0S H04 9% 0/Z°0¢

(INV AVHEV ¥3SV 3Q01a HO4 94 888“hh

9% 9/5766

ZH/9% £°T 9 08905
M 041781
¥ 0S£/% 00g
MW 9°8
3MN/9% 9L°T 9N 968791
ou/¥M 00f  9X 000°Z§
M LSS
(93SVT) MW 88°C + (TVWY¥3IHL) Z/°9
IH 9°6 = 02" X MH 8 =

B4 8 = TZ0°/MN-T =

IT°C ¥0 120" = S¢° X 90° =
19 =

15701 =

( “43¥) 16¢ =

10¢

*34Vdu0d

1H9I3M V10l

1HII3N

LEL L
J4N1vyiidwW3l ¥olviavy
43JM0d 9NIT100D
ININOILIANOD YIMOd
1HIT13M
LER L) T13INVd ¥VI0S

e
E
xu:o&u_zhouM
031237707 ¥3M0d ¥V10S

AIN3IID1443 HALSAS 1viH3A0

AIN31I1443
43SVl 3a01a ¥vios
AJN3121443 21413313

AJN3121443 9NIduNnd
AINITIT443 ¥3SvT 3a01d

W3LSAS HASVT OVA PN d3dWWNd 34A0IA 40 AALVINILSI LHODIIM




,'
~ - . * e
/:Ic /Il//
~ o ™.
=~ ~
’l /u ~
-~ - S~
—< MW LS} el T~
~— ~
/I . I// I//\\
~~ ~ v~ .
//I. I/I/:\../

S~ T~_Jossaxdwo)
~ -Il
~ MW v JOjeIpeY — ‘

soldo

MW 291 a_ uoissiwsuels |

T
VoA

/)
14/,
4/
/1/’/./4{
/4

MW L

/1
/

.J.a\wh...mo. L4 -

v
f)

/
Vi

NOILVLS HIMOd HISV1
a3dind 4V10S INIAOI 1LVMVOINW INO




SSO[ 10911 MH-[6"¢

; BRAR

/@%7[) |

| U8 = =
W SL°0 = W 1030§P0Y €6'0 =
S/W h°gg = A , S/ L'Th =
| 130Y 1'y = Sy ——— \ /) — 100 1'h =
,
| X 98 = 5] (- ) X £hZ =
7 — —
, K
| aulqJn . —— e e e My
” tang {0 preirTrEaieyrivactiy ['eg | 40SS3I0w0D
| | _/7
A11ADD JasD]
- U JaKod JD|OS
| 103U KH=h P3QJOSQU MW-G
uees ="y m.ﬂ. $/6% J ) Y 80'h =
8'0 = "y — S 1€ 8'0 =
s/ 2°68 = A 2 €781 = fy AU €8T = Cy S/W 1'€9 =
1301 §° = My h81'0 = fW £1°0 = oy 1101 1'G =
N goh = M) S/w £'0Z = A | S/w §°01 = CA ¥ 9nz =
1101 §*/ = &4 101 67 = &4
X 005 = £1 ¥ 052 = ¢y

H3ISV INIQOI MW INO 40 SITOAD TVWHIHL ANV MOTd




NOISTNdOHd H3SV1 HOA w.._m<..=<>< mmwm<._




173

"3191SS0d SI NOISSIHSHVYL
FINVISIA 9N0T IHL H04 T0YLNOD 311404 WVIH 41 WILSAS ¥ISVI 43ISVE-3IVdS

|
ﬁ
ﬁ JHL 404 ILIVATANVD ¥3NLONV 38 (IN0D STINVA ¥VIOS AS NIAINA SAVHYV ¥ISV] iaroa o
ﬁ
|
|
|

"NOI1VH3d0 (3SVE-3IVdS 404 318VIINS (KW T/SNOL 0F)
IHII3IK LHOIT QWY ALITIGVIVIS SVH W3ILSAS ¥3SV1 3INIGOI G3dWnd-¥vioS o

“3ONJYISYIINT DTHINASOWIV HOYS
3344 ST W3ILSAS AL GWV a3SN ST NS “324N0S ¥3IMOJ 33Y4  “NOISINAOYd YISV

404 SHISVT Y04 SNOTId0 ITGVIA JYV SWILSAS YISV A3dWNJ-Y¥VI0S 3INY0R-IIVAS O

SNOISNTONOD ANV AHVWIWNNS



* (861 3dags

*Z200b-WY YSWN ‘uoijels uoLsstmsuedj 3oseds-03-37rds uase 3ULlpo]

padiwnd-ae [0S 13erefisy-1 e 40 3509 pue ubLsag Auruimiiaad :-p *3 ‘Aemuo)
pue $*7 °9 ‘ua33snuag S+a o ‘SueLiLIM ‘°9 -y ‘aadleM P Y ‘Aunoji aq

"(0RGT) b TF “*19S °p erulh
w 48se7 padungd-ae oS e jo fuLlapop, :°H *p ‘@s pue cp iy

"(GRGT) “£9€ “€G ‘-unuwo) -1d0 :'W ‘iqiqe]
puP Y °M “U4dAPaM ‘°H - ‘sauny ¢+) ‘uosaapul M D ‘UOS|LM f°H -

"(T961) “LET “Af £°3197 °sAud *|ddy , ‘uaseq
SULDOT 2Llw03Y paduind-doenuiLs AB1OS VY, I°Y M “UBAPBM {°H °p ‘997

*(ARRT ‘ML WSYN se paustiand aa 01) w SUOLIPIL|ddy uo LSS LwSuRL|
Jdamod 3oeds 4oy suaseq uaarag ALleata3oa(3 MH-T Jo uostaedwod, :°7 °9
‘4a1SNYoS pue feq K ‘sweL|(iM ¢°H "0 ‘997 ftp ¥ ‘Bunop an Scp +3 “Leruon

*€R6T ‘H9b-dS
YSYN cwepubouad suorjestddv pue jo4Rasay aase] paseq-adseds uaamod-uf Ly
VSYN ¥ 1M °7 ‘sauop pue f*p 3 ‘Aemuny g °n ‘fuaqrem ¢-p Yy ‘Bunop ap

“9861 AON “7NTT R//09R-4NOD “Auemiing 3ALIRdaX3 ‘T *LOA
‘uots|ndoad uaseq uo dousyaop Vdyva/n1qas  °pasdoud  :°pa ] °p ‘suey

NERLENEEED




1756

QOMPUTATIONAL SOLUTION OF LOW SPEED FLOWS
WITH STRONG ENERGY ADDITION

Charles L. Merkle
The Pernsylvania State University
University Park, PA 16802

The highly developed rmerical algorithms from external aerodynamics
are being used to calculate low speed flows with strong energy addition,
including laser supported plasmas. These algorithms are well understood
mathematically, are of high accuracy with low numerical dissipation and
are easily expressed in arbitrary bodyfitted coordinates so they can be
routinely used on realistic geametries. In addition, they apply to
viscous or inviscid problems, an attribute that is extremely important
for high Reynolds mumber flow calculations, and they can be used for
steady or unsteady flows. The use of a time~like procedure enables both
initial and boundary conditions to be formulated in a manner analogous to
experiment. Unfortunately, these transonic flow techniques are
inefficient at low speeds ard require adaptation for the present class of
problems. Appropriate adaptations for low speeds and low Reynolds number
conditions have been developed and are given below along with
applications to laser-supported plasma calculations.

There are two basic procedures that can be used to ensure
convergence of a mmerical scheme in a particular problem. In the one,
the iterative technique is modified to give a convergent solution to the
desired flowfield. In the second, the flowfield itself is changed (by
adding rnumerical viscosity) until convergence can be attained. The
former method has been used here, starting with the inviscid and then
proceeding to the viscous problem.




In inviscid flows, the convergence rate slows down rapidly as the
Mach mmber is decreased because of the interaction between the stiff
eigervalues and the approximate factorization used in implicit schemes
(Figs. 1 and 2). This slowdown is easily offset by rescaling the
eigervalues (Fig. 3), but this inviscid rescaling becomes inappropriate
as the Reynolds mmber is reduced to the low values that are
representative of laser-supported plasmas (Figs. 4 and 5). The addition
of a viscous scaling in cambination with the inviscid eigenvalue control
provides convergence that is independent of both Reynolds number and Mach
mumber from transonic, high Reynolds mumber conditions to low speed, low
Reynolds number conditions (Figs. 6 and 7).

Representative results obtained with this modified algorithm are
shown in Figs. 8 and 9. The temperature and velocity contours in a duct
with volumetric heat addition (Fig. 8) and convective heating through the
walls (Fig. 9) are shown for low speed flow and Reynolds numbers ranging
from infinite (inviscid) to 0.05. Essentially identical rates of
convergence were cbserved in all cases. It is emphasized that this
convergence was not done by adding dissipation to the solution, but by
properly choosing the time-marching (iteration) path. The results show
the expected increasing effects of diffusion as Reynolds number is
decreased and the totally different character of the flowfields in these
different regimes. A sumary of the Mach mumber/Reynolds number regime
over which effective convergence is obtained is also shown (Fig. 10)
along with the bounds of the wmodified procedure.

With these modifications (summarized in equation form on Fig. 11),
the centrally differenced algorithm can now be applied to laser-supported

plasma calculations. A representative flow and radiation grid is given




on Fig. 12. The coupling of the radiation field with the flow equations
does affect covergence, and several altermatives are available. A
direct implicit solution of both radiation and fluids (Fig. 13) gives an
extremely robust solver that provides convergence to machine accuracy in
about 10 iterations and to engineering accuracy in about 4 iterations
(Fig. 14), however it is expensive in terms of CPU time. Other
procedures include either direct or ADI solution of the fluids equations
with iterative updates of the radiation equations (also shown on Fig. 14)
laser results for all three procedures have been cbtained.

Representative results for laser absorption with a simplified
re-radiation expression are shown on Figs. 15-17. Figure 15 shows the
relative insensitivity of the plasma location for variations in laser
power at an inlet velocity of 1 an/s. Figure 16 shows the fairly strong
forward movement of the plasma as the flow speed is reduced by two orders
of magnitude. Finally, Fig. 17 shows the movement of the plasma as both
the flowfield and the laser diameter are scaled. Continued scaling in
laser size beyond that shown appears to result in a configuration for
which laser absorption does not occur.

Additional work is in progress on improved radiation loss models to
enable scale-up to larger laser sizes. Representative calculations of
broad-band absorption of hydrogen-alkali metal vapor mixtures (Figs. 18
and 19) have been obtained as a first step in estimating radiative energy
balances of the re-radiated energy. Major issues to be addressed in
laser propulsion modeling include improved modeling of radiation losses,
and size scale-~up to large lasers.
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L2 NORM OF DQ/Q
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Modified Low Mach Number Viscous Formulation

FatQ + 3xE + 3yF = H + L(Q)

L= 3xRxx3x + 3XRXV3Y + ayRyxax + Bwaay

[ 0 0 0
I = u p 0 0
v O p 0
T 0 9 6
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L2 NORM OF DQ/Q

Convergence Rates of Preconditioning Method

for Various Mach Numbers
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Convergence for 2-dimensional low Mach number formulation
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Convergence Rates of Low Mach Number Viscous
Formulation for Various Reynolds Humbers
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L2 MORM OF DQ/Q

Convergence Rates of Low Mach Number Viscous Formulation
Using Optimum Values of Time-Solving Parameter, §
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Temperature Field with Laser Power Variation
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Temperature Field with velocity yariation
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Temperature Field with Chamber Geometry
Variation
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LASER PROPULSION WORKSHOP

University of Illinois
Februaxy 8-10, 1988

ABSTRACT
San~-Mou Jeng

Cenzezr for Laser Applications
The University of Tennessee Space Institute
Tullahoma, Tennessee 37388
615 455-0631

This abstract summazizes the results of cesearxch efforts over the past
two veass az UTSI. <The objectives of the szudy weze to develop a CFD code in
ozder 10 improve zhe undezstanding of the fundamental physics related o
laser-sustained plasmas and o cdevelop a code that could be used for the
design 0f a laser powered zocket. The current status of the CFD
code and 3ome important resulxs fxrom application of the code will be briefl
discussed. A dezailed repor:z on this research can be found in Refs. 1-35.

Current Status of Computer Code,

The two-dimensional, steady-state Navier-Stokes equations for
compressible, vaziable properties flow were used in the analysis. The
thermophysical and optical propezzies incorporated in the calculations we:ze
based on lccal thermodynamic equilibrium (LTE). Geometric ontics were
used o describe the laser beam which was assumed o consist of a finite
aumber of individual rays. Diffraczion due o the lens and refraction of
the laser rays through the plasma was neglected. 3Beer’s law was used o
calculazte the lccal intensity for each individual ray and the lccally absoczbed
lases power within tho plasmas. The thermal radiation heat flux £zom the
plasma was divided into two parts -~ optically thin and cptically thick
limizs =~ which are based on the optical depth as a function of wavelength and
physical size of the plasmas.

The governing equations were £irst transformed to generalized
curvilinear coordinates for numerzical calculations. The numerical algorithm is
based on PI50 method with scme modifications. The developed code has the
capability to calculate complicated flow regions (recirculating, subsonic and
supersonic flows) within a realistic rocket geometry. The extension of
this mechod to transient, three-dimensional flows is scraightforward.

CED Code Verificati

More than 100 cases of :i.:..ations have been compared with experimental
results obtained at UTSI on .as2r-sustained plasmas within forced convective
argon pipe flows. The CFD <-:e =as performed well in predicting plasma sizes
and positions, temperature d:s.r:tuz:ons and energy conversion efficiency from
laser power to the fluid. In a few cases, the model did not perform well
since some of the assumptions were violated. For example, the radiative heat
transfer model is not adequate {:r low pressure plasmas ( < 2 atm), and the




diffzaction and refraction of the laser beam through the plaama flow may be
very important for certain optical arrangements.

The effect of laser power, wavelength and beam profile, has been
investigated using a wide range of optical arrangements for laser-sustained
hydrogen plasmas under different forced convective f£lows. It was found chat
the plasma bahavior (size and position) can be controlled, and the power
conversion efficiency can be as great as 60% using high speed (> 60 m/s)
incoming £flows in conjunction with laser powers greater than 20 kW. t was
also found that shorter wavelength lasers (eg. the chemical laser at 2.7
microns) is needed for plasma operation at megawatt power levels in ozderxr to
control the plasma position near the focal point.

30 kW Rocket Desi

The purpose cf this study was to design a2 prototype thruster supported by
a 30 kW, 10.6 micron laser. The ground test for this thruster will be
scheduled at some future date. Several thruster designs having different
throat sizes and operated at 150 and 300 kPa chamber stagnation pressure weze
studied. It was found that focusing the laser beam at the throat will vield
the best thruster performance, and a properly designed thruster can attain a
specific impulse of approximately 1500 secs. The radiative heat loading on
the thruster wall was also estimated, and was found to be in the range of that
for a conventional chemical rocket.
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TURBULENT CONVEGTIVE AND RADIATIVE TRANSPORT IN
ADVANCED E§~O£ULSION ENVIRONMENTS®

Robert A. Beddini
University of Illinois at Urbana-Champaign

R
BACKGROUND

While conventional chemical rockets provide large thrust levels at relatively
low specific impulse, and electric propulsion systems provide low thrust levels at
very high specific impulse, electrodeless plasma heated thrusters (implemented
by various means) are capable of bridging this gap. These systems utilize large,
controllable energy addition at moderate pressures to prcduce temperatures of the
order 104 K. Concepts 1 ach a$ |dser heated thrusters! and microwave heated
thrusters? employ such controted und directable energy addition to achieve a
desired plasma zone (Figures 1,2). The plasma is then mixed with the outer flow
and expanded through a nozzle Of particular interest in such flows are turbulent
convective and radiative heat fluxes, which distribute the deposited energy, and
their effects on the system enclosure for chamber cooling requirements and
evaluation of system efficiency. Inystems utilizing laser sustained plasmas it is
important to simulate hxgh-power optical interactions with flowing gases in order
to investigate the high energy/flow coupling as well as plasma parameters
affecting system performance (i‘e., plasma size, efficiency of absorption/
reradiation, peak temperature, e_tc7

Research efforts u.nder grant’AFOSR 86-0319 have tocused on the analysis
of radiative and gas dynamic interactions in beamed-energy propulsion chamber
environments. Specific topics ‘have included the development of turbulence ,
incident radiative transport and reradiative transport. The following is a brief
summary of the methodology bemg émployed

Incident (laser) radiation: A new-Yransport equation for incident radiation was
developed under this effort.-ziWhereas prior analyses utilize ray-tracing
techniques for the incident radiation. the new equation is of divergence form, and
permits a strongly coupled solutién with the hydrodynamic equations using
contemporary finite volume techniqdes.

: w i : The P1 (first-order spherical harmonics)
method is being utilized. Initial wérk has solved the coupled one-dimensional
(radial) radiative heat flux equiition ¥mploying a gray gas absorption coefficient.

T &

p =
ulo
s

L

* Abstract of presentation at thaetECSR Laser and Microwave Electrothermal
Propulsion Workshop, Universitg of {llinois at Urbana-Champaign, February 8-
10,1988.
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A flux-split, non-factored, implicit finite volume
method has been implemented for the time-accurate solution of the axisymmetric
Navier-Stokes equations and coupled incident radiation field.

Turbulence: Initial results have been obtained with an established second-order
turbulence closure model. In recent work, a more detailed description of
turbulence is being examined.

EXAMPLE RESULTS FROM THE PRESENT EFFORT

A flow with specified energy addition (intended to simulate a TEM
discharge in a microwave thruster), has been analyzed for both argon and
hydrogen propellants. Flows with coolant injection through a porous chamber
wall were also calculated.

The example case presented in Figures 3a-d, is the non-injected flow of
argon through a constant area duct (R = .05848m) with inlet temperature and
pressure of 2700 K and 1 atm resnectively. Energy addition to the flow is 50 kW
and mass flow is 0.028585 kg/s. Figure 3a shows the temperature field for this
flow, indicating a peak temperature of approximately 10,000 K slightly
downstream of the region of peak energy addition. Figure 3b shows the axial
velocity field; the inlet centerline velocity is 23.2 /s and the flow is accelerated
and diverted towards the wall region by the strong heat addition. The centerline
exit velocity is approximately 38 m/s. Figure 3c shows the turbulence intensity
field for the flow (normalized by the local axial velocity on the centerline), where it
can be seen that initial turbulence decays and is no longer supported in the high
temperature, low Reynolds number flow in the central region. Near the wall
region, however, the turbulence begins to grow in an annular region just off the
chamber surface, reaching approximately 6% at an axial distance downstream of
10 radii. In Figure 3d the rndial radiative heat flux is shown. The peak radiative

flux delivered to the wall is approximately 800,000 W/m2, and the overall peak
radiative flux occurs near the core region with a value of 1.4 MW/m2.

A comparison of radiative and convective surface heat fluxes as a function
of axial distance is shown in Figure 4 for case involving: (1) argon, (2) argon with
injection througl: the chamber wall (transpiration cooling), (3) hydrogen (non-
injected), and (4) hydrogen injected. All cases have the same approximate
chamber “thrust”, and the dominance of radiative transfer in the region of energy
addition is clearly seen. The strong effect of radiative transfer is further
demonstrated in Figure § which compares the centerline temperature
distribution for case one with the radiative 3olution participating and non-
participating.

Although turbulence fails to be supported due to low Reynolds numbers
encountered in the high temperature regions, it can be produced transitionally in
the cooling layer near the surface. The exit Reynolds numbers based on chamber

diameter, axial mass flux, and centerline viscosity are on the order of 103 for the
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conditions considered. However, Reynolds numbers near the edge of the plasma
are on the order of 20,000 based on local flow properties; such values would
usually be expected to provide at least moderate levels of turbulence.

With respect to laser-gas dynamic interactions, the incident intensity field
calculated with the third order finite difference method for a 60 radial by 80
horizontal point grid is shown in figure 6 for a non-absorbing medium. For this
grid, approximately 6 radial and three axial points are retained within the 1 cm
diameter of focal volume. Maximum relative errors of approximately 5% are
obtained in this region when compared with an exact solution developed for this
case,

Figure 7 shows a comparison of the analytic and computational solutions
for relative intensity as a function of axial distance along the centerline and at
radial position off the centerline. The calculated centerline solution and peak
intensity are in excellent agreement for this case, but computational errors with
coarser grids or much smaller relative focal spot sizes increase proportionately.
An example calculated temperature field is shown in Figure 8 for a laser-
gasdynamic interaction. The peak temperature is approximately 9300 K (utilizing
an artificial absorption coefficient), and the relatively sharp upstream rise
indicates a near plasma wave formation for these conditions. Note also that a
secondary increase in temperature is obtained downstream of the focus in the
diverging region of the beam.

- RESEARCH RECOMMENDATIONS

It would appear that the analytical results of three efforts and the
experimental results of two efforts presented at this AFOSR workshop have, de
facto, provided at least one major consensus of opinion: radiative transport issues
in the chamber (and, perhaps nozzle) environments of laser and microwave
propulsion systems are important. Further research is required to address
radiative-flowfield interactions which include losses from the plasma and
transfer to and from the nozzle walls. Radiative transfer to the chamber surface
does not provide a major impediment from a systems point of view, however, since
cooling techniques have been suggested by more than one investigator which have
the potential to accommodate significant chamber surface fluxes.

The present results indicate that for systems of a size (or Reynolds number)
larger than traditional laboratory configurations, turbulence could form in the
annular coolant layer adjacent to the chamber surface, and hence introduces the
problem of a transitional cr retransitional flow. A more adequate analytical
represeniation of turbulence development should be pursued, possibly by
formulating a large-eddy simulation appropriate for these types of aerophysical
environments. The effects of turbulence are not necessarily adverse, since the
enhanced mixing that results could reduce peak chamber temperatures at a
faster rate, thereby reducing radiative transfer.




Microwave-heated plasma propulsion appears promising as an onboard
energy conversion/propulsion system since power-to-beam conversion efficiencies
are substantially higher than present laser efficiencies. Additionally, the plasma
region supported by the various microwave discharge modes is far greater in
volume than the focal region of single plasma laser discharges, and thus
radiative losses could be lower due to lower peak chamber temperatures (at given
chamber pressures). However, the plasma frequency limit noted by Keefer
produces an undesirably low limit on microwave discharge temperatures and
thermal efficiencies, as indicated by Micci's literature review. Further research
is therefore required, and it may prove beneficial to implement concepts developed
in the microwave-heated fusion cornmunity, where the problem has been well
addressed for a different environment.

Finally, the question of pulsed !aser propulsion introduces several new
research issues. These include nonequilibrium propellant energy states,
chamber aeroacoustic interactions, and electromagnetic effects (the Schwartz-
Hora magnetic pulse is an example). The breadth of these actual and potential
issues will require the attention of several research investigators, with
commensurate benefits toward the advancement of space propulsion.
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TRANSFER IN HIGH TEMPERATURE SYSTEMS
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MICROWAVE PROPULSION
Dr. Michael M. Hicel
Department of Aerospace Engineering
The Pennsylvania State University
University Park, PA
Microwave energy can be absorbed by a gas in one of several modes in
orter to heat the gas to a high temperature. Because the region of energy
deposition can be located away from any material walls, a higher gas
temperature can be obtained than in devices which utilize wall hesting.
Allowing the high temperature gas to expand through a nozzle converts the
internal tharmal energy to directed kinetic energy to produce thrust.
Experimentally measured values for microwave plasma temperatures in a
nonflowing ges indicate that specific impulses up to 2000 seconds are
possible. There are several advantages for the absorption of microwave
energy as compared tc laser energy:

_ 1) Microwave energy can be introduced into the absorption chamber
through a dielectric window, avoiding *'.e need for an optically
transparent window capable of handling high pressures and thermal
gradients.

2) Gas absorptivities are higher at microwave wavelengths than at the
much shorter laser wavelengths. Thus less power is required to
ignite and sustain a microwave plasma compared to a laser plasma.

3) There is less radiative heat loss due to lower microwave plasma
temperatures. This heat loss is currently being quantified for
plasmas which are between optically thin and optically thick.

4) Since microwave wavelengths are of the same order as the

dimensions of the absorption chambers, absorption can occur in a

tunable resonant cavity.




5) Microwave power can be generated much more efficiently than laser
pover; making practical the onboard generation of microwave power
and avoiding the problems associated with beam transmission and
reception. Also, communication and radar satellites already have
a source of microwave energy onboard which may be used for
propulsive purposes.

There i{s an understanding of the process of microwave energy addition
to & high pressure gas for some of the available absorption modes but no
unified comparison of all the modes in terms of absorption efficiency,
maximum temperature, etc. Also there is little knowledge of the coupling
of the absorbed energy to the gas dynamics required to obtain propulsive
thrust. This research is the first effort to examine and compare free
floating filamentary (Tmg;) and toroidal (TEg}) resonant microwave
cavity plasmas and planar propagating plasmas in hydrogen gas as well as
the-first examination of the coupling of the energy absorption to the gas
dynamics in order to convert internal thermal energy of the gas to directed
kinetic energy by means of a nozzle expansion.

Free-floating resonant cavity plasmas in nitrogen gas have been
generated for the TMp| mode and percent power coupled to the gas has been
measured as functions of input microwave power and gas pressure. Ths
nitrogen gas temperature for zero flow velocity was spectroscopicslly
measured to be 4500°K. Experiments have recently been initisced using
helium gas.

A numerical model of propagating microwave plasmas in hydrogen, helium
and nitrogen has been successfully formulated. The model predicts
propagation velocities, moximum gas temperatures, and percent input power
absorbed and reflected. The model is currently being modified to include
radiation losses. The results of this numerical medel will be compared to

experimentally measured values as they become available.
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MICROWAVE PROPULSION

DR, MicuaeL M. Micci

DePARTMENT OF AEROSPACE ENGINEERING
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EFFICIENT IGNITION OF PLASMAS BY RESONANT UV [ASER MULTIPHOTON EXCITATION

Andrzej W. Miziolek
Brad E, Forch

U.S. Army Ballistic Research Laboratory
Aberdeen Proving Ground, MD 21005-5066

A nev phenomenon has recently been observed in our laboratory in which
the threshold for laser plasma formation has been lowered significancly in
terus of the incident laser energy (ILE) that is required for plasma formation
from a pulsed laser. This phenomenon i{s based on uv laser resonant multi-
photon excitation of atoms as well as small molecules resulting in the effi-
cient production of free electrons in the laser focal volume. We have used ex-
cimer lasers, e.g. ArF (193 nm), as well as a tunable Nd:YAG/dye laser system
operating in the high uv range (200-250 nm) to demonstrate this effect. The
former laser was used to ionize 0, directly as well as photofragment species
from simple hydrocarbons like C,H,. The latter laser was used to fonize 0, and
NoO photofragments (i.e. O atoms) at 226 nm as well as Hy photofragments (i.e.
H atoms) at 243 nm. All «f our results to date have indicated that most, if
not all, small gas phase fuel or oxidizer molecules can readily release free
electrons through efficient multiphoton excitation schemes using a uv laser as
long as appropriate resonances have been identified in advance. Unfor-
tunately, resonant multiphoton ionization {s still a field in its infancy. Be-
sides lower values of ILE that are required for plasma formation, uv laser
resonant plasma ignition has an additional advantage over non-resonant ap-
proaches since the plasmas that are generated can be controlled to a nuch
higher degree in terms of plasma energy, especially in the low energy end.
This means that particularly strong laser driven deconation waves that may be
very dectrimental to the struutural integrity of the plasma engine can be
avoided,

Figure 1 shows the pertinant energy level diagram for oxygen atom
electronic excitacion. Shown is a two-photon resonance at 226 nm in which the
absorption of a third photon from che excited states leads to fonization.
Typical laser linewidths (1-2 cm™ ") cannot resolve the upper states but
clearly resolve the three ground electronic spin-orbit staces. Figure 3 shows
a strong wavelength dependence in the amount of ILE required for ignition of a
premixed flow of H,/0,. This same spectral dependence has been observed for
plasma formation in a flow of room temperature 0, only. The wavelengths of the
three minima (Fig. 3) correspond exactly to the peaks in the two-photon ex-
cication of oxygen atoms (Fig. l). This implies that plasma formation is a
function of the ease of creating free eiectrons in the focal volume. Figure 2
dramatically {illustrates the difference in ILE values necessary for plasma
formation (since a laser spark is necessary to ignite the reactive gases),
using the resonance (226 nm) and non-resonance (532 nm) approaches.

In order to ascertain the utility of this uv laser resonance plasma igni-
tion approach to laser propulsion applications, much work still needs to be
done. For example, the effect of pressure needs to be explored (all of our
work has been done at atmospheric pressure). Also, the use of low ionization
additives so that longer wavelength lasers could be used needs to be studied.

This work has been supported by the Air Breathing Combustion Program of the
AFOSR Directorate of Aerospace Sciences.
1. B.E. Forch and A.W. Miziolek, Comb. Sci. and Tech., 52, 151 (1987).
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function is shown for both cases. At the right side the absorptica of H,0 in
the irst band in the YUV is shown.
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WORKSHOP AGENDA
(Ravised 02/05/88)

1. MONDAY - February 08, 1988: (Conference Room 105 M.E. Lab]

1:00 - 1:30 INTROOUCTIONS/MISCELLANEOUS INFORMATION:
Dr. Herman Krier and Or. Mitat Birkan

1:30 - 2:00 Prof, Dennis Keefer: History of AFOSR and
Marshall (NASA) Involvement ‘n Laser Propulsion

2:00 - 2:40 Prof. Dennis Keefer: Current Experimental
Research, University of Tennessee Space Institute

2:40 - 3:00 BREAK

3:00 - 3:40 Prof. Herman Krier and Prof. Jyoti Mazumder:

Current Experimental Research, University of
[1linois at Urbana-Champaign

3:40 - 4:00 Or. David Byers, NASA-Lewis Res2arch Center:
NASA Advanced Propulsion Goals

4:00 - 4:30 Or. Herman Krier: Oesign of Laser Propuision
Thruster (Combustion Sciences, Inc.)
(SD10 funded project)

4:30 - 5:30 DISCUSSION

7:30 - 9:30 DINNER: Jumer's Castie Lodge (Urbana)

ERRRRRARNRAERRRRRRRERARRRRARANAR

2. TUESDAY - february 03, 1988: (Conference Room 105 M.E.Lab]
8:30 - 9:00 DISCUSSION: Review of Dr. Birkan's Questions
9:00 - 9:20 Prof. Charles Merkle, Pennsylvania State

University: Modeling

9:20 - 9:40 Prof. S. M. Jeng, University of Tennessee Space
Institute: Modeling

9:40 - 10:00 Prof. Robert Beddini, University or lllinois at
Urbana-Champaign: Modeling

10:00 - 10:15 BREAK

[ Continued on Page 2 ]
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10:15

11:00
11:30
12:00

1:00

1:15

2:05

2:30

3:00

NORKSHOP AGENDA [Continued]

11:C0

11:30
NOON
1:00
1:15

2:00

2:30

3:00
5:00

(Revised 02/05/88)

Or, Jordin Kare, Lawrence Livermore Laboratory:
Pulsed Laser Propulsion

Or. Ja H. Lee, NSAA-Langley: Lasers Available
DISCUSSIONS
LUNCH - [1lini Union; Colonial Room

walking Tour - Central Campus
(Weather Permitting)

Laboratory Demonstration: 10 kW CW Laser
(Talbot Laboratory)

Prof. Michael M. Micci
Pennsylvania State University

(To Be Announced)

DISCUSSION: Research Proyrams Needs

AERAARRRRRNRRRRRRRERARRRRRNRN

3. WEDNESDAY - February 10, 1988: [Conference Room 105 M.E. Lab]

8:30 - Noon

Dr. Mitat Birkan will lead discussions and
questions; continuation of previous afternoon's
discussions,

Invitees (remaining) will be given transportation to Willard Airport

for return flights.




